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PREFACE 

United Technologies Research Center has conducted an investigation of the 
fundamental processes affecting the operation and performance of electrically 

excited lasers having potential utility in a variety of areas of importance to 
the Navy.  Particular attention in this investigation has been focused on lasers 

of the rare gas-halide and mercury-halide classes which have very promising 

potential for development as efficient, scalable optical sources for the 

UV/visible regions of the spectrum.  In recent years this research has been 

closely coordinated with a complementary ONR-supported program at Rice 

University.  This Final Report is comprised of reprints of papers published 

during the course of the investigation, in which specific results and conclusions 

of the research are described in detail. 

The research was performed under the direction of Dr. H. S. Pilloff of the 

Office of Naval Research.  His interest and support are gratefully acknowledged 

as is that of R. H. Bullis, A. J. DeMaria, F. J. Leonberger, G. A. Peterson and 

E. Snitzer of United Technologies.  It is also a pleasure to acknowledge the 

contributions of my United Technologies colleagues R. T. Brown, R. J. Hall, 

J. J. Hinchen, H. H. Michels, L. A. Newman, R. Tripodi, and W. J. Wiegand, and 

also those of D. W. Setser of Kansas State University, A. Herzenberg of Yale 

University, Y. Nachshon of the Technion and G. Marowsky of Max-Planck Institute 

fur biophysikalische Chemie.  Finally, a special working relationship with F. K. 

Tittel and his Rice University co-workers, W. L. Wilson and R. Sauerbrey, has 

contributed significantly to the success of this work and has resulted in an 

effective industry-university collaboration that has proven to be both productive 

and enjoyable. 

William L. Nighan 
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INTRODUCTION 

The advent of the rare gas-halide laser in 1975 represented a dramatic 

breakthrough in the quest for a short wavelength laser having an efficiency and 

scalability comparable to the IR COj laser.  Although a decade has passed since 
the discovery of the rare gas-halide laser, developments in this area continue to 

evolve at a rapid pace, propelled by significant advances in understanding of 

excited state chemistry, electron-halogen attachment, discharge and optical 

physics, and by development of sophisticated computer models of laser media. 

Throughout this period United Technologies Research Center has been conducting an 

investigation of fundamental processes affecting the operation of electrically 

excited rare gas-halide lasers and the closely related mercury-halide laser. 

This Final Report is comprised of papers published during the course of the 

investigation.  Section II covers broadband, tunable rare gas-halide lasers, 

particularly the blue-green XeFCC+A) laser having a wavelength centered near A80 

nm.  An important aspect of this portion of the research was the development of 

"mixture synthesis" concepts based on the fact that use of two rare gases 

combined in specific proportions to form an effective buffer species, and/or two 

molecular halogen species combined to form an effective halogen donor, result in 

unique mixture characteristics not attainable using either a single rare gas or a 

single halogen donor alone.  As applied to the XeF(C->-A) laser, use of Ar and Kr 
as a buffer and NF, and F^ as the F-donor resulted in significantly improved 

XeF(C) formation and reduced transient absorption in e-beam excited gas mixtures. 

In experiments conducted at Rice University XeF(C->-A) laser pulse energy density 

and intrinsic efficiency obtained using this approach have been found to be 

comparable to values typical of UV B-X rare gas-halide lasers. 

The 502 nm HgBr(B->-X) laser and 308 nm XeCKB+X) laser are the subject of 

Section III.  Therein particular attention is focused on dissociative attachment, 

vibrational excitation and dissociative electronic excitation of HgBr2 by low 
energy electrons in HgBr(B)/HgBr„ laser media; cross sections for these processes 

are presented.  Additionally, it is shown that HCl vibrational excitation by 

electrons, resulting in greatly enhanced dissociative attachment, is a funda- 

mental process in discharge excited XeCl(B->-X) lasers. 

Section IV is focused on basic kinetic processes that control the operation 

and performance of electron-beam sustained rare gas-halide laser discharges, 

particularly the 248 nm KrF(B->-X) laser.  Special emphasis is placed on the causes 

of instability in such laser discharges and on means to suppress instabilities. 

In addition, the effects of electron-F- dissociative attachment, vibrational 

excitation and dissociation on KrF laser discharge performance are considered in 

detail, and cross sections for these processes are reported. 

I-l 
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II.  BROADBAND TUNABLE EXCIMER LASERS 
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II-A.  XeF(C^A) Laser 

• Efficient XeF(C-»-A) Laser Oscillation Using Electron-Beam Excitation 

• Synthesis of Rare Gas-Halide Mixtures Resulting in Efficient XeF(C->-A) Laser 

Oscillation 

• Optimization of Electrically Excited XeF(C->-A) Laser Performance 

II-2 



Efficient XeF(G->'Aj laser oscillation using electron-beam excitation 
Y. Nachshon, F. K. Tittel, and W. L. Wilson, Jr. 
Electrical Engineering Department and Rice Quantum Institute, Rice University, Houston, Texas 77251 

W. L Nighan 
United Technologies Research Center, East Hariford, Connecticut 06108 

(Received 15 November 1983; accepted for publication 6 February 1984) 

Significantly improved XeF(C—»/< ) laser energy density and eflSciency have been obtained using 
electron-beam excited Ar-Xe gas mixtures at pressures up to 10 atm which contain both NF, and 
Fj. Maximum blue-green laser pulse energy density in excess of 1.0 J/liter was obtained, 
corresponding to an intrinsic electrical-optical energy conversion efficiency estimated to be in the 
0.5%-1.0% range. Comprehensive, time-resolved absolute measurements of XeF(C—►^ ) 
fluorescence, laser energy, and gain were carried out for a wide variety of experimental conditions. 
Analysis of these data has resulted in identification of the dominant transient absorbing species in 
the laser mediimi. For the laser mixtures investigated in this work, the primary blue/green 
absorption processes have been identified as photoionization of the Ap, 3d, and higher lying states 
of Ar, and of the Xe 6p and 5d states, and photodissociation of Arjf'i^"^ and Ai^. 

I. INTRODUCTION 

Of the rare-gas halide molecules, XeF is unique in that 
the two lowest Coulombic states 5 (/2 = l/2)andC(/2 = 3/2) 
are separated in energy by nearly 0.1 eV, XeF(C) being lower 
in energy of the two,' as illustrated in Fig. 1. Therefore, in 
thermal equihbrium at 300 °K more than 95% of the com- 
bined population of the B and C states resides in the latter. 
For this reason the broadband XeF(C—^A ) transition, cen- 
tered near 490 nm, has potential for development of efficient 
tunable lasers in the blue/green region of the sjjectrum. La- 
ser oscillation has been reported by a number of investigators 
using electron-beam excitation ^-^ or discharge excitation"'' 
of high-pressure gas mixtures containing Xe and a fluorine 
donor such as F, or NFj. Additionally, laser oscillatinn 
based on photolytic pumping of a gas containing XeFj has 
been demonstrated.*"* For the conditions of these studies the 
laser output has been found to be continuously tunable in the 
450-520 nm wavelength region.^•'•"' 

Although the XeF(C) excimer can be formed efficiently 
under conditions typical of these experiments, the large 
(~70 nm) C-^A bandwidth and relatively long C-state life- 
time (~ 100 nsec) result in a cross section for stimulated 
emission^ that, at ~10"'' cm^, is more than an order of 
magnitude smaller than that of the highly efficient 351-nm 
B^fX laser transition.'' Thus, development of adequate gain 
on the C—i'A transition requires very intense pumping, a cir- 
cumstance that results in high concentrations of electrons 
and of excited and ionized species when electrical excitation 
is used. The electrons tend to mix and quench the closely 
spaced B and C states, an eff"ect strongly favoring the UV 
B—t-X transition at the expense of the blue/green C-*A tran- 
sition. More importantly, certain excited and ionized species 
typical of the laser medium absorb in the blue/green region 
of the spectrum. Until recently these and related factors have 
limited the efficiency of the electrically excited XeF{C—>-A ) 
laser to unacceptably low levels.^"' Photolytic pumping of 
XeFj-containing mixtures has been successful at circum- 
venting certain of these effects, but at the expense of an in- 
crease in system complexity.* 

Recently we reported results'^ demonstrating that by 
judicious tailoring of kinetic processes in electron-beam ex- 
cited laser mixtures containing both NF3 and Fj, the concen- 
trations of electrons and of absorbing species could be signif- 
icantly reduced. The resulting increase in laser pulse energy 
density and intrinsic efficiency to ~0.1 J/Uter and ~0.1 %, 
respectively, represented an improvement of nearly two or- 
ders of magnitude over previously reported results. Herein 
we report further improvements in laser energy density and 
efficiency, based primarily on increased e-beam energy de- 
position in the laser mixture and optimization of the output 
coupling. Additionally, analysis of comprehensive time-re- 
solved measurements of gain and absorption for a wide var- 
iety of mixture conditions has provided insight as to the iden- 
tity of the primary absorbing species and, in certain cases, 
has permitted estimation of their absorption cross sections. 

The details of the experimental Jirrangement and relat- 
ed diagnostic apparatus used in this investigation are sum- 
marized in Sec. II. In Sec. Ill experimental results are pre- 
sented; therein are described the specific conditions resulting 
in an increase in XeF(C—>-^ ) laser pulse energy density to the 

+ F' 

Tg_j^ = 10 ns 
Tj,_^s100 ns 

Xe-hF 

FIG. 1. Schematic XeF energy level diagram. 
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1.0-2.0 J/liter level, corresponding to an intrinsic efficiency 
estimated to be in the 0.5%-1.0% range. Our analysis and 
interpretation of those results is presented in Sec. IV-VI, 
wherein particular emphasis is placed on identification of 
the ionized and excited species dominating transient absorp- 
tion in the XeF(C—vi) laser mixture. Additionally, remain- 
ing factors that presently limit laser performance are dis- 
cussed, along with possibilities for further improvement. 

ii. EXPERIMENT 

A. Electron-beam and reaction cell 

The overall experimental arrangement used in this in- 
vestigation is illustrated in Fig. 2. A Physics International 
Pulserad 110 electron beam generator was used to trans- 
versely excite the high pressure laser mixtures through a 50- 
fim titanium foil (Fig. 3). The electron beam energy was 1 
MeV and the pump pulse duration was 10 nsec (FWHM), 
producing a current density at the center of the optical axis 
of 200-400 A cm ~^ as measured with a Faraday cup probe. 
A stable, intracell optical resonator was used consisting of a 
totally reflecting {R > 99.6%) mirror having a radius of cur- 
vature of 0.5 m, separated by 12.5 cm from a flat output 
mirror. The output mirrors had a reflectivity of either 95% 
or 98% between 460 and 510 nm, thereby providing an opti- 
mum wavelength match with the XeF(C—►^ ) gain profile. 
The active region was the cyUndrical 28 cm^ volume defined 
by the clear aperture (1.9 cm diam) and the pumped length 
(10 cm), as confirmed by photographs of the near field laser 
output. Use of a tightly focused resonator permits a higher 
level of initial flux arising from spontaneous emission, a fac- 
tor contributing to rapid buildup of intracavity laser flux. 

The stainless-steel reaction cell was well passivated by 
prolonged exposure to Fj prior to any experiments. High- 
purity gas mixtures of research grade Ar, Xe, Kr, NF3, and 
F2 were used, with the Fj in a 10-90 Fj-He mixture. Good 
mixing of the diff"erent gas components was achieved by tur- 
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FIG. 2. Schematic illustration of experimental arrangement. NDF = neu- 
tral density filter, CF = color-glass filter, VPD = vacuum photodiode, 
PD = pin diode. 
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FIG. 3. Illustration of the transverse, e-beam excited high pressure reaction 
cell with an intracell optical cavity. 

bulent flow of the high pressure gas components into the 
reaction cell. The concentration of Fj in the cell was verified 
by absorption of a HeCd laser probe'^; the partial pressure of 
each gas is estimated to be accurate to within 2 %. A fresh gas 
mixture was used for each shot. Repetitive pumping of the 
mixture resulted in a decrease in laser energy of about 20% 
per shot due to contamination and surface reaction processes 
of the foil window. 

B. Diagnostics 

The temporal evolution of the fluorescence and the la- 
ser output were monitored by a fast vacuum photodiode de- 
tector (ITT:F4000 S5). Neutral density, interference, and 
color glass filters were used to define the spectral region of 
interest. Signals with a time resolution of better than 2 nsec 
were recorded by a Tektronix 7904 Transient Digitizer. The 
temporally integrated, spectrally resolved fluorescence was 
recorded by an optical multichannel analyzer (OMA I), us- 
ing a Jarrell-Ash 0.25 m spectrometer; the spectral resolu- 
tion was ~2 nm. Data from the Transient Digitizer and the 
OMA I were processed using a PDF 11/23 minicomputer. 

Absolute power measurements were made using cali- 
brated vacuum photodiode detectors (with an effective aper- 
ture of 38 mm), and appropriate interference and color glass 
filters. The power was calculated using the temporally inte- 
grated OMA measurements and the calibration verified by 
means of a Scientech volume absorbing disc calorimeter 
model 38-0101 as well as with Polaroid film No. 42. The film 
was exposed to the laser output using neutral density and 
color glass filters to achieve a density of 0.5. These two meth- 
ods of power determination were found to agree to within the 
estimated experimental error. 

The laser beam divergence was also measured using two 
different methods. The first method used Polaroid film ex- 
posed to the laser hght at different distances using neutral 
density and color glass filters, keeping the film density 0.5, 
and measuring the beam diameters. The second method 
measures the laser power at different distances along the 
optic axis for diff"erent size apertures. Both methods indicat- 
ed a laser beam divergence of ~40 mrad. 
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A measurement of the temporal evolution of the XeF(C) 
population for different gas mixture conditions was carried 
out by monitoring the XeF(C—>^A ) fluorescence at a distance 
125 cm from the center of the laser cell along the optical axis 
using collimating optics with an effective aperture of 6.35 
mm diam. The absolute value of the XeF(C) state population 
was then obtained using the integrated fluorescence spec- 
trum from the OMA and the spectrally calibrated vacuum 
photodiode detector. 

C. Gain/absorption measurement 

The experimental arrangement for measuring the opti- 
cal gain (absorption) is also shown in Fig. 2. A cw Ar-ion 
laser and an R 6G dye laser were used to measure gain at 
eight different wavelengths: 514.5, 501.7, 496.5, 488.0, 
476.5,472.7,457.9, and 590 nm. Either one or three passes of 
the probe beam through the cell was used, depending on the 
magnitude of the gain/absorption, in order to maximize the 
signal-to-noise ratio. The laser probe signal was focused on a 
Lasermetrics 3117 PIN detector (HP5082-4200) via a nar- 
row-band interference filter, color-glass filter, and an iris 
located 10 m from the laser cell. The detector was located 
inside a Faraday cage to minimize electrical noise pickup 
and stray fluorescence. A mechanical shutter was used to 
produce a 4-msec laser probe pulse to avoid saturation of the 
detector. The electron-beam pulse was synchronized to ap- 
pear in the middle of the laser probe pulse. In the cw mode, 
the detector diode is linear with input power for output cur- 
rents up to 4 mA. However, the time response of the detector 
for currents above 2 mA started to deteriorate. Therefore, 
the detector current was always maintained below 1 mA, 
where the time response is estimated to be better than 2 nsec. 

III. »-:XPERIMENTAL RESULTS 

Normalized temporal characteristics of the e-beam ex- 
citation pulse, XeF{C-*A ) fluorescence and laser output for 
representative conditions are presented in Fig. 4. Formation 
of the XeF(C) state occurs during and after the excitation 
pulse, with the fluorescence peak occurring about 10 nsec 
after the peak in the e-beam current. Since there is strong 
absorption during the early phase of XeF(C) formation (a 
topic to be discussed in detail in subsequent sections), laser 
oscillation does not begin until after the i>eak fluorescence. 
The peak in the laser output occurs between 20 and 35 nsec 
after the fluorescence peak depending on the magnitude of 
the peak gain, the shorter time corresponding to higher gain, 
and therefore higher laser output. Laser oscillation contin- 
ues for 20-30 nsec after termination of the XeF(C^A ) flu- 
orescence, a reflection of the cavity resonator decay time. 

A. Laser pulse energy 

The improvement in magnitude and duration of the net 
gain resulting from a two component halogen donor mixture 
(NF3/F2) has been shown to result in a significant increase in 
laser pulse energy. '^ Figure 5 presents the laser pulse energy 
density (based on a 28 cm' active volume) as a function of 
either Fj pressure or NF3 pressure for 10 atm of Ar contain- 
ing 16 Torr Xe; a 2% output coupler was used. The maxi- 

1.0 

Ebeam      XeF(C) 
pump fluorescence 

- pulse 

c « 

XeF(C) 
laser 

50 
Time, ns 

100 

FIG. 4. Normalized temporal characteristics of the f-beam excitation pulse, 
XeF{C—tA I fluorescence, and laser pulse for a mixture comprised of 10 atm 
Ar, 16 Torr Xe, 8 Torr NF,, and 8 Torr F,. The e-beam current density on 
the optical axis was approximately 400 A cm " ^ and the transmission of the 
output mirror was 2%. 

mum output of 0.5 J/liter for these specific conditions is 
observed to occur for a mixture containing 8 Torr of NF3 
and 8 Torr of Fj, and is particularly sensitive to the concen- 
tration of the latter, a reflection of the fact that F2 has sub- 
stantially larger excited state (i.e., absorber) quenching coef- 
ficients than does NF3. '"'•'* For conditions similar to those of 
Fig. 5 maximum laser pulse energy density values of 1.5 J/ 
liter were achieved using a 5% output coupler. 

Optimum mixtures were always found to contain about 
8 Torr NF3, 8 Torr Fj, and 16 Torr Xe, regardless of the 
cavity optics, e-beam current density, or Ar pressure. Thus, 
the concentrations of NF3, Fj, and Xe are essentially opti- 
mized for the present conditions. However, the c-beam cur- 
rent density (-400 A/cm^ max) and Ar pressure (10 atm 
max), corresponding to the highest measured laser output 
(~1.5 J/liter), represent experimental hmitations and are 
not optimum values. For values of e-beam current density 
between 200 and 400 A cm~^ and Ar pressures between 6 
and 10 atm, laser pulse energy density increased somewhat 
faster then linearly with each of these parameters. However, 
for values below about 200 A cm~^ and 6 atm, laser pulse 

c 
» 

•D 
>• 
s 
I 
o 

0.005 

0.05 - 

16 4 8 12 
F2 or NF3 presure, torr 

FIG. 5. Laser pulse energy density as a function ofcfYAerNF, pressure or Fj 
pressure for conditions otherwise the same as Fig. 4. 
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energy was found to decrease very rapidly due to the lower 
gain under these conditions. 

1. Buffer gas variation 

Use of Ne as the buffer gas in place of Ar resulted in 
laser pulse energy much lower than that of Fig. 5, almost 
certainly a reflection of the fact that Ne is about an order of 
magnitude less effective than Ar at mixing the B and C states 
of XeF,'* and is also less effective at relaxing the XeF(5,C) 
vibrational manifolds. The use of Kr in place of Ar was re- 
ported' to result in much better laser performance for values 
of e-beam current density and total pressure much lower and 
excitation pulses much longer than those of the present in- 
vestigation. However, we have found that use of Kr as the 
buffer at half the Ar pressure, so as to provide about the same 
e-bcam energy deposition, resulted in significantly lower la- 
ser output energy. Exp)erimentation using Kr as an additive 
at concentrations in the 0-760 Torr range was also found to 
result in lower laser output, except for Kr pressures in the 
40-70 Torr range for which the laser output was about the 
same as without Kr present. However, measured gain pro- 
files ui laser mixtures containing Kr feature certain distinc- 
tive characteristics that may ultimately permit higher laser 
pulse energy, a topic to be discussed in subsequent sections. 

2. LMser spectra 

Although the laser output was found to be quite sensi- 
tive to mixture variations, the XeF(C-^^ ) fluorescence was 
not, a circumstance indicating that changes in the absorp- 
tion characteristics of the medium are largely responsible for 
changes in laser output. Examination of laser spectra sup- 
ports this conclusion. Figure 6 shows measured laser spectra 
for an Ar-Xe mixture at 6 atm containing 8 Torr NFj, and 8 
Torr each of F2 and NFj, excited at an e-beam current den- 
sity level of about 200 A cm" ^, conditions for which the laser 
pulse energy density was about 0.1 J/Uter for the two-halo- 
gen mixture.'^ The discrete absorption lines that appear in 
the NF3 spectrum [Fig. 6(a)], due principally to transitions 
between Xe excited states," vanish [Fig. 6{b)j with F^ added 
to the mixture for laser output energy up to about 0.1 J/liter. 
For higher laser pulse energy (e.g.. Fig. 5) the structure in the 
laser spectrum is again apparent even with F2 present in the 
mixture, although to a much lesser degree than with NF3 
alone. For this case the laser pulse peaks at an earUer time at 
which the absorber concentrations are higher than those 
typical of Fig. 6{b). 

It should be pointed out that the effect of broadband 
absorption on laser output energy is far more significant 
than that of the discrete absorption that is readily apparent 
in the laser spectrum [Fig. 6(a)]. However, many of the same 
species contributing to broadband absorption also exhibit 
(hscrete absorption. For this reason the appearance of struc- 
ture and/or changes therein in XeF(C—>^/4 ) laser spectra 
[Figs. 6(a) and 6(b)] are also symptomatic of the occurence of 
the more severe broadband absorption. 

B. Gain and absorption 

Figure 7 presents the temporal evolution of net gain at 
488 nm (measured using the cw Ar-ion laser probe) for a laser 
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FIG. 6. XeF(C-»/< ) laser spectra for a mixture of 6 atm Ar and 16 Torr Xe 
containing 8 Torr NFj (a), or 8 Torr NFj and 8 Torr F2 (b). The e-beam 
current density on the optical axis was approximately 200 A cm~^ and the 
transmission of the output coupler was 5%. For these conditions, the laser 
pulse energy density was about 0.1 J/Titer. 

mixture for which the Ar pressure was 6 atm. Under these 
conditions laser output energy density was about 0.25 J/ 
liter. This figure shows that severe transient absorption oc- 
curs during the excitation pulse, a circumstance found to be 
typical of all Ar-Xe-NF3-F2 laser mixtures. The net gain 
does not become positive until slightly before the peak in the 
fluorescence. For an Ar pressure of 10 atm, corresponding to 
— 1.0-2.0 J/hter laser output, the peak absorption rises to 
nearly 4% cm~' and the peak gain increases to almost 3% 
cm~' (Fig. 8). The peak values of the XeF(C) population 
deduced from the gain measurements (and predicted analyti- 
cally) typically were about 25% larger than those deter- 
mined from the calibrated fluorescence measurements, a dif- 
ference within the combined uncertainty limits of both 
experimental techniques. _ 

For the conditions of Fig. 7 (e.g., peak gain > 2% 
cm^') the maximum intracavity laser flux corresponds to 
values equal to or greater than the saturation flux, /„, ~ 6 
MW cm~^. Thus, while the laser output energy continues to 
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FIG. 7. Temporal evolution of the net gain measured at 488 nm and of the 
fluorescence for a mixture comprised of 6 atm Ar, 16 Torr Xe, 8 Torr NF,, 
and 8 Torr F^; the e-beam current density on the optical axis was approxi- 
mately 300 A cm"^ 
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FIG. 8. Temporal evolution of the net gain measured at 488 nm for various 
Ar pressures, and conditions otherwise the same as those of Fig. 7. 

increase significantly for peak gain levels higher thjin those 
of Fig. 7, for lower gain values (e.g., < 1.5% cm~') the laser 
output energy decreases precipitously. Figure 9 compares 
the gain for the two-halogen mixture of Fig. 7 with that of a 
mixture containing only NF3; both excited under similar 
conditions. In the latter case the broadband absorption is 
more severe resulting in a gain peak of about 1.5% cm"'. 
However, because these gain values are relatively low, con- 
sidering the 30 nsec during which gain persists, the differ- 
ence in laser pulse energy between the Fj -f NF3 and NF3 
mixtures is approximately two orders of magnitude (Fig. 5). 

Although Kr did not improve laser performance for the 
conditions of this experiment, the addition of Kr to the laser 
mixture was found to have a striking effect on the temporal 
evolution of the gain-absorption profile under certain cir- 
cumstances. Presented in Fig. 10 is the net gain at 488 nm for 
the mixture of Fig. 7, to which was added 0.2 atm Kr. While 
the peak value of gain is essentially the same for both cases, 
the strong initial absorption during the excitation pulse al- 
most vanishes entirely. This was found to be the case for all 
Kr concentrations in the 0.2-1.0 atm pressure range. For Kr 
pressures above 1.0 atm the initial absorption was found to 
return to significant levels, and the peak gain decreased. 
With the Ar replaced entirely by 3 atm Kr, the initial absorp- 
tion increased to nearly 1.0% cm~' and the peak value of 
gain decreased to approximately 1.5% cm~'. Thus, for the 
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FIG. 10. Temporal evolution of the net gain at 488 nm for the conditions of 
Fig. 7, and for those conditions with 0.2 atm Kr added to the mixture. 

conditions of this experiment, the use of Kr as an additive 
rather than as the buffer has an interesting and potentially 
significant effect on blue/green absorption during the excita- 
tion pulse, a topic to be explored in subsequent sections. 

/. Wavelength dependence 

As mentioned earlier, broadband absorption is of cen- 
tral importance to laser performance. For this reason gain/ 
absorption measurements of the type discussed above were 
carried out for seven wavelength values available from the 
cw Ar-ion laser, and for the 590-nm R 6G dye laser wave- 
length. Presented in Fig. 11 is the wavelength dependence of 
the peak gain and peak absorption for the mixture and exci- 
tation conditions of Fig. 7, measured using the Ar-ion laser. 
The curve in this figure is the XeF(C—►.^ ) stimulated emis- 
sion cross section reported in Ref 7, normalized to the mea- 
sured peak gain value at 480 nm. With the exception of the 
point at 514.5 nm, '* the p>eak absorption is found to be essen- 
tially independent of wavelength. Thus, the decrease in the 
peak value of net gain on either side of 480 nm is primarily a 
reflection of the wavelength dependence of the C—*A cross 
section for stimulated emission. 

IV. XeF{C-^A) LASER KINETICS 

In recent years kinetic processes controlhng the 
XeF(.B,C) population in laser media have been the subject of 
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FIG. 9. Temporal evolution of the nei gain at 488 nm for the conditions of 
Fig. 7, and for those conditions with no F, in the mixture. 
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FIG. 11. Wavelength dependence of the peak gain and peak absorption for 
the conditions of Fig. 7. The curve refers to the wavelength dependence of 
the XeF{C—>-A ) cross section for stimulated emission reported in Ref. 7. 
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considerable attention. Consequently, relatively complete 
rate coefficient data are available for XeF(B,C) formation 
processes such as ion-ion recombination "'^^ and halogen re- 
active quenching of rare-gas excited states'''" and for mix- 
ing and quenching of the B and C states.'*'^' Additionally, 
the body of related data pertaining to ion charge exchange 
and rearrangement,^^"^^ kinetic processes in rare gases and 
their mixtures,^'-^^ and to electron-halogen dissociative at- 
tachment^^ has been expanded significantly in reaction to 
the importance of rare-gas-halide lasers. In the present in- 
vestigation these data have been used in a self-consistent 
model of XeF(J,C) processes for the experimental condi- 
tions described in Sec. III. Analytical and numerical proce- 
dures of the type utilized have become well developed in 
recent years.^*'^' Thus, the discussion to follow will concen- 
trate on modehng results with httle emphasis on methods 
and procedures. 

A. Mixture composition 

Selection of an optimum buffer gas for the XeF(C—»y4 ) 
laser is dictated by several requirements: (1) mixing of the B 
and C states must occur in a time much less than the radia- 
tive lifetime of the former; (2) vibrational relaxation of the B 
and C states must be very fast: (3) collisional quenching of 
XeF by the buffer must be minimal; (4) transient absorption 
at the laser wavelength by buffer-related ionized and excited 
species must be held to an acceptable level; and (5) when e- 
beam excitation is used the buffer gas must have a relatively 
high stopping power. While there are several species possess- 
ing one or more of these characteristics, so far Ar has been 
found to exhibit the best overall combination of properties 
for the conditions of this experiment. 

The molecular source of fluorine atoms should also pos- 
sess properties (3) and (4) above, and since net gain and laser 
oscillation occur during the afterglow period and are strong- • 
ly influenced by absorption in the relaxing medium, the ha- 
logen must play the very important role of reducing the con- 
centrations of electrons and absorbing species as rapidly as 
possible. As mentioned previously and discussed in detail in 
Ref 12, we have shown that Fj and NFj together exhibit 
attachment and absorber quenching characteristics superior 
to either species alone, thereby permitting higher levels of 
net gain and very much higher laser pulse energies. Most 
recently, evidence has been obtained indicating that addition 
of Kr as a fifth component of the mixture may beneficially 
alter medium absorption characteristics. These reasons and 
supportive experimental evidence have resulted in selection 
of the particular mixture constituents and their fractional 
concentrations described previously in connection with the 
discussion of Figs. 5-11. 

B. XeF(Q formation and loss 

Figure 12 illustrates the major energy pathways to and 
away from the coupled XeF(5,C) vibrational manifolds, 
based on modeling of kinetic processes. Because of the very 
large fractional concentration of Ar, ionization and excita- 
tion of the Ar by primary and secondary e-beam electrons is 
dominant, followed by charge and excitation transfer to Xe, 
and by ion recombination and excited state quenching by F~ 

Xe, 
Xe-i-Ar ht', 425-550 nm 

FIG. 12. Sequence diagram illustrating the XeF(fi,C) formation and loss 
processes for the conditions of the present investigation. 

and by Fj (and NF,), respectively. Those processes resulting 
in the formation of Xe ions and/or Xe excited states result in 
very efficient formation of XeF(fi,C).'"" However, the indi- 
cated paths leading to ArF and ArjF introduce inefficiency 
even though a fraction of that energy is also likely to result in 
XeF formation by way of displacement reactions. Neverth- 
less, modeling indicates that for the conditions of this experi- 
ment XeF(C) is produced with an efficiency of 5%-7% for a 
relatively wide range of experimental conditions. 

The computed, time integrated fractional contributions 
to XeF(C) formation and loss are presented in Fig. 13, for 
conditions typical of Fig. 7. Because Ar mixes the XeF states 
on a sub-nsec time scale, '* it doesn't matter whether the B, C 
or D state of XeF is produced by the reactions indicated in 
Fig. 13(a). Of those reactions, the relative importance to XeF 
formation of the Ar^F-Xe displacement reaction is least cer- 
tain. A substantial fraction of the energy is channeled to ArF 
(Fig. 12) which is instantly converted to ArjF because of the 
high Ar pressure.^° While there is evidence of displacement 
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FIG. 13. Time integrated fractional contributions to XeF(C) formation (a), 
and loss (b), computed for the conditions of Fig. 7. 

41 J. Appl. Phys., Vol. 56, No. 1,1 July 1984 II-E 
Nachshone/a/. 41 



reactions involving diatomic rare-gas-halide moledules, 
there is very little information on the corresponding triato- 
mic molecule reactions.^" For the purposes of the present 
calculations the rate coeflScient for the AJJF—*XeF displace- 
ment reaction was estimated to be 2 X 10~ "* see"' cm^. 

The contributions to XeF(C) quenching are presented 
in Fig. 13(b), which shows that nearly 50% of the Cstate loss 
is due to two- £md three-body quenching^' by Xe, a factor 
that limits the Xe fractional concentration to a relatively low 
level. Also, in spite of the very large rate of dissociative at- 
tachment in the NF3-F2 mixture, the intense e-beam pump- 
ing results in an electron density level such that electron 
quenching of the XeF(J5,C) states is still significant.^' 

V. ABSORPTION IN THE VISIBLE REGION 

Although the kinetic efficiency for production of the 
upper laser level may be relatively high for excimer systems, 
~ 5%-7% in the present case, the overall laser efficiency can 
be severely limited by photoabsorption.^^"^* In recognition 
of this fact and the importance of UV rare-gas and rare-gas- 
halide lasers, in recent years there has been significant activ- 
ity directed toward identification of species in laser media 
that absorb in the UV, and toward determination of their 
cross sections. For this reason transient absorption processes 
in electrically excited UV laser media are now relatively well 
understood.^* Unfortunately, far less is known about the 
causes of the absorption observed in the visible region of the 
spectrum.^* Since control of absorption in the blue/green 
region is absolutely critical to efficient operation of the 
XeF(C—••/i) laser, we have endeavored to identify the specific 
causes of the broadband absorption observed in the present 
experiment. Progress toward this objective has been aided 
significantly by analysis of the absorption characteristics of 
specific rare gas mixtures in addition to the XeF laser mix- 
tures of primary interest. 

A. Argon 

Presented in Fig. 14 is the time dependence of the ab- 
sorption measured at 488 nm in argon for conditions other- 
wise typical of the laser experiments discussed in Sec. III. 
The magnitude of the peak absorption, ~9% cm"', was 
found to be about the same at 457.9 nm and approximately 
30% higher'* at 514.5 nm, indicating that the absorption is 
essentially broadband in nature. Analysis of the decay of the 
absorption in Ar shows it to be composed of two components 
having characteristic times of approximately 15 and 50 nsec, 
respectively, a trend also observed by others'* for generally 
similar conditions. Model calculations for the conditions of 
Fig. 14 provide valuable insight as to the excited and ionized 
species responsible for the Ar absorption, and permit first- 
order estimates of absorption cross sections for which data 
are unavailable. 

Computed species concentrations corresponding to the 
conditions of Fig. 14 are presented in Fig. 15. Here Ar* re- 
fers to the population of the Ar(45) levels as indicated, while 
Ar** refers to a single, efi"ective higher-lying state represen- 
tative of the grouped Ap, 'id and higher levels. The computed 
concentration of the weakly bound (D^ —0.22 eV) Kr^ 
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FIG. 14. Temporal evolution of the absorption measured at 488 nm in 6 atm 
Ar and in 6 atm Ai containing 16 Torr Xe. The e-beam current density was 
approximately 300 A cm ~ ^. 

trimer ion is based on the forward and reverse rate coeffi- 
cients reported by Turner and Conway,'^ and on the as- 
sumption that the rate coefficient for electron-Ajj^ recom- 
bination is five times larger'* than that of Arj^. Examination 
of Fig. 15 shows that, with the exception of Arf ('S^"*^), all 
other species essentially follow the temporal behavior of the 
e-beam excitation pulse, and decay with a time constant of 
about 10-20 nsec. In contrast, the long lived (~3 /xsec) 
Arf {^^^) state decays by way of electron mixing with the 
Arf ('S^"*") state, the latter having a lifetime of only 4 nsec.'' 
Although the '2„^ concentration is always much smaller 
than that of '2„^, spontaneous emission of the former pro- 
vides the path through which the coupled (by electrons) 
'2^"*" — ^1,^ states decay. For these reasons the computed 
40-50 nsec decay time constant of Arf {^1;^) reflects the 
electron density decay rather than the '2„^ lifetime. 

For the species of Fig. 15 the dominant broadband pho- 
toabsorption processes in the blue/green region are exf>ected 
to be 
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1**1   Time, nsec 

e-beam 

100 

FIG. 15. Computed temporal evolution of the species concentrations in Ar 
for the conditions of Fig. 14. The peak value of the Ar^* concentration (not 
shown for the sake of clarity) is approximately three times larger than that of 
Ar,-. 
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Av + Ar**-»Ar++ e, (1) 

Av + Ar3+-.-Ar-^ + 2Ar, (2) 

kv + ArJ-»-Ar»* + Ar. (3) 

Duzy and Hyman** have computed cross sections for the 
photoionization process, [Eq. (1)]. Although photons in the 
blue/green region have insufficient energy to ionize As*(4s) 
atoms, they report photoionization cross sections of 
-1.2X10-''' cm^ for As**(4p) for /l<460 nm, and 
~ 1.5xlO-"cm^forAr**(3<f)for 430 <A< 530 mn. Presu- 
mably the cross sections for photoionization of higher excit- 
ed states are somewhat larger. Cross sections for dimer ion 
(Ai^) photodissociation peak in the UV region/' Although 
absorption in the blue/green by Ar^^ in high vibrational lev- 
els is possible, dimer ion absorption is not likely to be signifi- 
cant at the pressure levels of the present experiment. How- 
ever, recent calculations by Michels, Hobbs, and Wright*^ 
and by Wadt*^ show that photodissociation of rare gas 
trimer ions is likely to be very strong and broadband 
throughout most of the visible region. Michels and co- 
workers report a cross section for Arj^ that is approximately 
10"" '^ cm^ in the blue/green region, while Wadt's calcula- 
tions suggest that the cross section may be substantially larg- 
er than that.** Although there are no reported cross sections 
for blue/green photoabsorption by ArJ, recent calcula- 
tions^* by Yates and co-workers show that several molecular 
states correlating to Ar-Ar(4/?) are highly repulsive in the 
region of the equilibrium intemuclear separation of 
Ar? ^1^), and have vertical transition energies in the 2-4 
eV range. This suggests the possibility of significant broad- 
band absorption by Arf in the visible region. 

This information, considered in light of boih the com- 
puted temporal evolution of excited and ionized species in 
Ar (Fig. 15), and of the measured absorption (Fig. 14), indi- 
cates that the strong initial absorption during the excitation 
pulse is caused by the combined eflfects of the 4p, M, and 
higher excited states of Ar, by \i^, and by ArJ('2^^), while 
the more slowly decaying component of the absorption is 
due almost entirely to Ar? (^I,;^) alone. Guided by the mag- 
nitudes of the cross sections reported for the excited states of 
Ar*° and for Ar trimer ions,^^"*^ numerical experimentation 
has shown that both the magnitude and two-phase time de- 
pendence of the observed broadband photoabsorption in Ar 
(Fig. 14) can be explained satisfactorily in terms of the com- 
puted temporal evolution of the species shown in Fig. 15 and 
the cross sections presented in Table I. Figure 16 shows the 
fractional contributions to Ar absorption for the conditions 
of Figs. 14 and 15. 

B. Argon-xenon mixtures 

Both the magnitude and temporal variation of the mea- 
sured absorption, particularly the latter, are changed signifi- 
cantly by the addition of a small amount (< 1%) of Xe to Ar. 
Figure 14 shows the measured absorption in Ar containing 
16 Torr of Xe for conditions similar to those of pure Ar. The 
maximum value of the absorption is lowered slightly to 
about 7% cm"' with Xe present, and occurs about ~40-50 
nsx after the excitation pulse. Moreover, the change in the 

TABLE I. Blue-green photoabsorption cross sections.' 

Species 
Estimates based 

on this work 
Theoretical 
calculations 

Ar*» 
Xe" 

Ar- 

1.5 
2.0 
1.0 
2.5 

1.2[Art3</)]'' 
2.3[Xe(6;7)],2.7p(e(5</)]'' 

-1.0,' -3.0-4.0^ 

•Units are 10""cm^ 
'Reference 40. 
° Reference 42. 
"Reference 44. 

decay of the absorption is strikingly different from that of Ar 
alone. Figure 14 shows that the absorption is essentially con- 
stant for about the first ~ 100 nsec after termination of the 
pulse, subsequently decaying with a time constant of approx- 
imately 300 nsec. This behavior can be explained on the basis 
of the computed excited and ionized species concentrations 
in the Ar-Xe mixture, which are shown in Fig. 17; the Xe** 
concentration in this figure represents the grouped 6s', 6p, 
5d, and higher lying levels of Xe. 

Although the peak values of Ar**, Arf, and Ar,^ are 
reduced significantly due to rapid excitation and charge 
transfer to Xe, these species still make an important contri- 
bution to absorption during the excitation pulse as shown in 
Fig. 18. However, upon termination of the pulse, all Ar- 
related species decay on a ~ 10 nsec timescale due to strong 
quenching by Xe. Corresponding Xe-related molecular spe- 
cies that might be expected to exhibit broadband absorption 
in the visible region, such as Xe? and Xcj^, are present only 
in very small quantities reflecting the small Xe fractional 
concentration. 

Although the Xe*(6iy) concentration (not shown in Fig. 
17) has essentially the same time dependence as that of Xe**, 
and an even larger concentration (~ 10'* cm~^), blue/green 
photons have insufficient energy to photoionize Xe*(65). 
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FIG. 16. Computed fractional contributions to the absorption in Ar (Fig. 
14), based on the species concentrations of Fig. 15 and the cross sections of 
Table I, 
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FIG. 17. Computed temporal evolution of certain species concentrations 
for the Ar-Xe mixture conditions of Fig. 14. 

Thus, although discrete phototransitions from Xe* (^P^, ^Pj) 
to higher levels can be readily identified in the structured 
spectrum of XeF(C-—.^ ) lasers," the very large Xe*(dr) con- 
centration does not contribute directly to broadband absorp- 
tion. However, Duzy and Hyman*° compute photoioniza- 
tion cross sections for Xe*»(6p) and Xe**(5c?) that are 
approximately 2 and SxlO"'^ cm^ respectively, at about 
480 nm, varying only slightly throughout the wavelength 
range of present interest. When these cross section values are 
considered along with the computed magnitude and time 
dependence of the Xe*» population (Fig. 17), it becomes 
clear that the observed absorption in the Ar-Xe mixture of 
Fig. 14 is dominated by photoionization of Xe excited states, 
most probably those of the dp and 5d manifolds. The com- 
puted fractional contributions to absorption in the Ar-Xe 
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FIG. 18. Computed fractional contributions to the absorption in the Ar-Xe 
mixture of Fig. 14, based on the species concentrations of Fig 17 and the 
cross sections of Table I. 

mixture of Fig. 14, based on the cross sections of Table I, and 
presented in Fig. 18. 

There are several reasons for the unusually large, slowly 
varying Xe* and Xe** populations for the present Ar-Xe 
mixture conditions. Modeling shows that the dominant ion- 
ized and excited species in the afterglow are atomic (i.e., 
Xe"^, Xe*, and Xe**), even though the total pressure is very 
high. Since the Xe fractional concentration is small (< 0.01), 
the rates of formation of the molecular species XeJ (^•^1^) 
and Xt^ are much less than those for the corresponding 
reactions in pure Ar. Further, the heteronuclear species 
ArXe"^ and ArXe* are bound by only 0.14 eV** and <0.1 
eV,^" respectively, so that the reverse rates for production 
of Xe^ and Xe* from these molecular species are large. Con- 
sequently, the relative populations of Xe-related molecular 
species are much smaller than would be expected consider- 
ing the high total pressure. Because the dominant ion is Xe "^, 
the electron loss by dissociative recombination is slow, with 
the result that the electron density in the Ar-Xe mixture 
remains high after termination of the excitation pulse, unlike 
the situation in pure Ar. The electrons coUisionally mix Xe* 
and Xe** thereby estabhshing a quasiequilibrium condition, 
and, since both the production and loss of Xe* and Xe** are 
dominated by electron collisions, the concentrations of these 
species are practically time independent in the early after- 
glow. Therefore, the only significant reaction path away 
from the coupled Xe*-Xe** system is the relatively slow for- 
mation of the excimer Xe? ('-'2 +). This process is charac- 
terized by a —300 nsec time constant for the present condi- 
tions, a value very close to that observed for the absorption 
decay in the Ar-Xe mixture (Fig. 14). 

C. Xe?(C-^A) laser mixtures 

Of course, the excited and ionized species discussed in 
connection with absorption in Ar and Ar-Xe mixtures will 
be present in XeF laser mixtures, albeit at significantly lower 
concentrations. Additionally, there will be other transient 
species related to Fj and/or NF3 such as various rare-gas 
hahdes. However, modeling shows that the only additional 
species havmg concentration levels that could lead to signifi- 
cant absorption (given appreciable blue/green photoabsorp- 
tion cross sections) are the triatomic rare-gas hahdes, AjiF 
and XcjF. Calculations by Wadt'" show that there are sever- 
al    allowed    transitions    between    the   lowest    energy 
RG2X(2^52) state and higher energy states, with peak ab- 
sorption wavelengths throughout the UV/visible region. 
However, only the UV transitions analogous to the corre- 
sponding RG^^ absorption have large oscillator strengths, 
and are therefore expected to have significant absorption 
cross sections. Visible transitions in RG^X, although broad- 
band, have computed oscillator strengths more than one 
hundred times less than those of the UV transitions, imply- 
ing peak absorption cross sections having values well below 
10~ '* cml For this reason broadband visible absorption due 
to the presence of XejF and/or AJJF is likely to be unimpor- 
tant. Thus, we conclude that the same species causing the 
absorption in Ar and Ar-Xe mixtures (Table I) dominate the 
absorption in XeF(C—»/<) laser mixtures. 
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/. Computed net gain 

Presented in Fig. 19 is the net gain computed for condi- 
tions similar to those of Fig. 7. The various contributions to 
the absorption are presented in Fig. 20. Examination of Fig. 
19 shows that the net gain for laser conditions can be com- 
puted in good qualitative and quantitative agreement with 
experimental observations using the absorption cross sec- 
tions inferred by analysis of the absorption in Ar and Ar-Xe 
mixtures (Table I). Further, it is clear that while all the sp)e- 
cies identified as absorbers in Ar and Ar-Xe mixtures contri- 
bute significantly to absorption in the laser mixture (Fig. 20), 
photoionization of Xe** is the most important absorption 
process. 

Additional support for this conclusion is provided by 
absorption measurements using the 590-nm dye laser probe, 
which indicate a peak absorption of 2.5% cm"'. Since there 
is no contribution to net gain/absorption from XeF(C) at this 
wavelength, the measured 2.5% cm"' is actually the total 
absorption coeflScient, a value significantly lower than the 
4.0%-5.0% cm"' peak value found to be typical of the blue/ 
green region (Fig. 19). However, the 590-nm photon energy 
is insuflBcient to ionize either the Xe(6;j) levels or the first 
four Xe(5</) levels. Because relaxation of the higher excited 
states of Xe by Ar is very fast,^* it is probable that the 6p and 
5d levels dominate the calculated Xe** population. Simply 
subtracting the Xe** contribution (Fig. 20) reduces the peak 
absorption coefficient from —4.0% cm"' (Fig. 19) to about 
2.5% cm"', a value in good agreement with the 590 nm 
absorption measurement. 

D. Laser mixtures with krypton 

Figure 10 shows that addition of Kr to the optimum 
laser mixture reduces the peak absorption from about 2% 
cm"' to —0.25% cm"'. Addition of the same amount of Kr 
to Ar and to the Ar-Xe mixture was found to reduce the 
absorption of the former by over 50% and to have little effect 
on the latter. This suggests that the presence of Kr in the 
laser mixture reduces the initial absorption caused by Ar- 
related species. Excitation transfer from Ar** to Kr results 
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FIG. 19. Gain and absorption at 488 nm for the conditions of Fig. 7, based 
on computed species concentrations and the cross sections of Table I. 
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FIG. 20. Computed contributions to the absorption at 488 nm correspond- 
ing to the conditions of Fig. 19. 

in the production of higher excited states of Kr that have 
photoionization cross sections somewhat larger than those 
of the corresponding Ar states."" However, excitation trans- 
fer from Ar*('2„'*") can only result in Kr(55,5') states, while 
Ar^ and Kx^ charge exchange results in the formation of 
Kr"^ (or ArKr"^) ions. Calculations show that 0.2 atm Kr 
added to the XeF(C) laser mixture reduces the ArJ(^2„"^) 
p>opulation by approximately a factor of two and the Ar,"^ 
pwpulation by over an order of magnitude. Examination of 
Fig. 20 indicates that the corresponding reduction in the 
contributions of Ar? and Ar,^ to absorption could easily 
account for the experimental observations. However, a com- 
parison of the temporal evolution of the fluorescence for la- 
ser mixtures with and without Kr shows that the C^>-A flu- 
orescence rises somewhat faster in the Kr-containing 
mixture. Krypton is known to be faster than Ar at both re- 
laxing the XeF(5,C) vibrational manifold and at mixing the 
two states,'* although it is somewhat surprising if these ef- 
fects are responsible for the faster XeF(C) fluorescence rise, 
given the fact that the Ar-Kr ratio was very large in these 
experiments. In any case, it appears that the dramatic reduc- 
tion in initial absorption of XeF(C) laser mixtures containing 
Kr is due primarily to a reduction in the concentrations of 
Ar-related molecular absorbers, and possibly to an increase 
in the production rate of XeF(C) as well. Unfortunately, both 
gain and fluorescence data also show that quenching of 
XeF(C) is faster with Kr present. Nonetheless the near ab- 
sence of early absorption with Kr added and peak net gain 
values comparable to the highest measured may have signifi- 
cant impUcations for improving laser extraction efficiency. 

VI. LASER EFFICIENCY 

A. e-beam energy deposition 

Determination of the electrical-optical energy conver- 
sion efficiency corresponding to the measured laser pulse 
energy requires knowledge of the e-beam energy deposition 
in the gas. Several three-dimensional computer models"*"'" 
of e-beam energy deposition, and measurements"* of gas 
pressure rise, all show that the energy deposited under con- 
ditions similar to those of this investigation typically is from 
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two to four times greater than that computed on the basis of 
simple stopping power calculations. The difference is due 
largely to backscatter from the cell walls and to multiple 
scattering in the foil separating the low and high pressure 
regions of the cell. To account for such effects, in this work 
we have used a factor of three correction to a stopping power 
calculation based on the Berger and Seltzer data*' in order to 
obtain a reasonable estimate of the e-beam energy deposited 
in the active volume. Measured current density levels on the 
optical axis were found to vary from 200 to 400 A cm~^, 
depending on e-beam control parameters and unpredictable 
shot to shot variations. This range of current density, com- 
bined with Ar pressures in the 6-10 atm range, corresponds 
to energy deposition levels ranging from approximately 100 
to 300 J/liter depending upon the specific combination of 
conditions. Therefore, our highest measured laser pulse en- 
ergies of 1.0-2.0 J/liter correspond to an intrinsic laser effi- 
ciency of about 0.5%-1.0%. Although such estimates of e- 
beam energy deposition have to be considered somewhat 
uncertain, calculations of peak XeF(C) population, net gain, 
and the temporal relationship among laser medium proper- 
ties, all of which depend on the modeling of e-beam energy 
deposition, are found to be in good agreement with experi- 
mental observations. Thus, we conclude that the e-beam en- 
ergy deposition so estimated is probably accurate to within 
about ± 35%, a level of uncertainty that must also be as- 
signed to the inferred value of intrinsic laser efficiency. 

B. Optical extraction efficiency 

Presented in Fig. 21 is the computed temporal evolu- 
tion of the intracavity optical flux for typical conditions. The 
relationship between fluorescence, net gain and laser pulse 
intensity in this figure is found to be in very good agreement 
with experiment. This figure shows that although the intra- 
cavity flux eventually reaches a level about three times the 
~6 MW cm"^ saturation flux, resulting in a significant de- 
pletion of the tail of the XeF(C) population profile, colli- 
sional deactivation of the C state still dominates the time 
integrated XeF(C) population decay. Thus, although the 
XeF(C) formation efficiency is 5%-7%, the overall optical 
extraction efficiency is only about 10%, a factor presently 
limiting the intrinsic laser efficiency to a value somewhat less 
than 1%. 

The key factor limiting extraction efficiency is the 
strong initial abosrption occurring during the excitation 
pulse. In spite of a significant increase in net gain and gain- 
absorption ratio over prior levels, even for conditions for 
which the highest output energy has been obtained, the gain 
does not become positive until after the excitation pulse is 
terminated. Further, the maximum value of gain is only 
slightly higher than one half that based on the XeF(C) popu- 
lation alone (Fig. 19). Calculations show that in the absence 
of such absorption, the intracavity flux would rise rapidly to 
a level approximately ten times the saturation flux at about 
the time the maximum zero-field XeF(C) population is 
achieved, a circumstance that would result in an extraction 
efficiency of approximately 40% for the conditions of this 
experiment. This suggests that even though addition of Kr to 
the optimimi Ar-Xe-NFj-Fz mixture did not increase the 
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FIG. 21. Temporal evolution of net gain, intracavity optical flux, and 
XeF(C) population with and without the cavity flux, computed for condi- 
tions similar to those of Figs. 7 and 19. The transmission of the output mir- 
ror was 2%. 

single pulse laser energy density, the near absence of initial 
absorption (Fig. 10) in certain Kr-containing mixtures may 
permit significant improvement in extraction efficiency if a 
multiple pulse excitation scheme is utilized to prolong the 
gain duration. For example, with a dual-pulse technique, the 
first pulse would be used to produce a high intracavity flux 
level prior to initiation of a second, higher energy pulse. Be- 
cause there is very Uttle initial absorption in Kr-containing 
mixtures, initiation of the second pulse near the time of the 
peak flux produced by the first should produce no significant 
detrimental effect. However, the high cavity flux present at 
the onset of the second pulse would ensure more efficient 
energy extraction. Preliminary modehng of conditions rep- 
resentative of this variation on the laser pulse-injection 
scheme indicate that extraction efficiency levels significantly 
larger than those obtained to date may be possible. 

1. Bteachinj of absorbing species 

It is interesting to note that because the relevant pho- 
toabsorption cross sections (Table I) are significantly larger 
than the XeF(C—»y4 ) stimulated emission cross section, the 
saturation fluxes for the transient absorbers are about the 
same as that of XeF(C), in striking contrast to the situation 
typical of the rare-gas-halide 5—►X lasers. Thus, optical 
bleaching of the absorbing species is significant for the intra- 
cavity flux levels achieved in these experiments. For the con- 
ditions of Fig. 21 calculations indicate that the peak cavity 
flux (and both the laser output energy and efficiency) reach 
levels approximately 50% higher than would be the case 
without bleaching of the absorbers. 

VII. SUMMARY 

Electron-beam excitation of a unique two-halogen gas 
mixture has been shown to be an effective way to obtain 
efficient, broadband XeF(C-^^ ) excimer laser oscillation in 
the blue/green sjjectral region. Such a laser can now operate 
at intrinsic energy conversion efficiency approaching one 
percent with output pulse energy in excess of 1.0 J/liter. 
These greatly improved laser characteristics have been 
achieved by careful optimization of the components of the 
rare-gas-halide mixture, increased electron beam energy de- 
position, and improved optical resonator design. 

Temporal and spectral gain/absorption, laser energy, 
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and fluorescence measurements imder a variety of experi- 
mental conditions have provided good insight into the un- 
derlying kinetic and spectroscopic processes which control 
the performance of the XeF(C-^y4 ) laser. Excellent agree- 
ment between experiment and theory has been demonstrat- 
ed. The contributions to the major energy pathways result- 
ing in the formation and loss of XeF(C), and to transient 
photoabsorption in the visible region of the spectrum have 
been studied in order to characterize the optical extraction 
and intrinsic laser eflBciency. 

Broadband molecular and atomic absorption is the 
most important factor Umiting the efficiency of electrically 
excited Xe:F(C—>-A ) lasers. For the laser mixtures investigat- 
ed in this work, the primary absorption processes have been 
identified as photoionization of the 4-p, Id, and higher lying 
states of AT, and of the Xe 6p and 5d states, and photodisso- 
ciation of Axji^l;^) and Ai^. These saturable absorbers 
have blue/green photoabsorption cross sections comparable 
in magnitude to the XeF(C—►/^ ) stimulated emission cross 
section, and are bleached for intracavity flux levels > 3.0 
MW cm~^, an effect resulting in a prolongation of the gain 
duration thereby enhancing optical extraction efficiency. 
Quenching of some of the absorbing species by the addition 
of Fj to the Ar-Xe-NFj mixture increases the laser efficiency 
and the output power considerably. Further improvements, 
such as controlled optical bleaching of the absorbers, addi- 
tional kinetic refinements, or double pumping, may lead to 
even higher XeF(C—»^ ) laser efficiencies. Indeed, intrinsic 
efficiency values approaching those of the UV B—*X rare- 
gas-halide lasers seem a distinct possibility. 

The stimulated emission cross section for the 
XeF(C—»-^ ) transition is an order of magnitude smaller than 
that of the 5—^X transition, and, since > 95%oftheexcUed 
state population of XeF(5,C) is in the XeF(C) level, superra- 
diance in a large scale laser device should be relatively small. 
Odculations and calibrated fluorescence measurements 
show that the XeF(C) formation efficiency is 5%-7% for the 
present conditions. Therefore, theXeF(C-^y< )excimer medi- 
um has the potential to become an efficient wideband, high- 
power laser amplifier in the blue/green region that could be 
used as a final amplifier in conjunction with another laser 
oscillator. 
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Significantly improved XeF(C—»y4 ) laser performance has been achieved using electron beam 
excitation of complex, multicomponent gas mixtures specifically tailored so as to reduce medium 
transient absorption in the blue-green region. Use of Ar and Kr together as the effective rare gas 
buffer-energy transfer species, along with a combination of NF3 and Fj to produce the desired F- 
donor molecule characteristics, has permitted synthesis of near optimum medium properties for 
which XeF(C) is produced efficiently while transient absorption is minimized. With this technique 
we have achieved laser pulse energy density and intrinsic efficiency of 2.2 ± 0.3 J/1 and ~ 1.5%, 
respectively, values that are comparable to those of the B-*X rare gas-hahde lasers. 

Short pulse electron beam (e-beam) excitation of the 
blue-green XeF(C—►/<) laser transition is characterized by a 
period of strong transient absorption during the excitation 
pulse, followed by the development of net gain and subse- 
quent laser oscillation in the afterglow regime.' Until recent- 
ly, the combination of a relatively short duration of the net 
gain region (5 50 ns) and a relatively low value of the peak 
gain (S 2% cm~') has limited the efficiency of this tunable 
laser to unacceptably low levels. However, by selectively tai- 
loring kinetic processes through the use of a unique two- 
halagon mixture containing both NF3 and Fj so as to reduce 
transient absorption, a very significant improvement in 
XeF(C—►y^ ) laser performance has been achieved. ''^ Indeed, 
e-beam excitation of such two-halogen Ar-Xe mixtures has 
yielded laser pulse energy density in excess of 1.0 J/1, corre- 
sponding to intrinsic electrical-optical energy conversion ef- 
ficiency estimated to be in the 0.5%-1.0% range. In this 
letter we report further improvement in XeF(C—fA ) laser 
performance resulting from the addition of Kr to an Ar-Xe- 
NF3-F2 mixture. This multicomponent mixture has permit- 
ted synthesis of near optimum medium properties resulting 
in XeF(C—*-A ) laser pulse energy density and intrinsic effi- 
ciency of 2.2 ± 0.3 J/1 and ~ 1.5%, respectively. This im- 
provement was obtained without increasing the energy de- 
posited in the gas by the e-beam. Thus, a level ofXeF{C—*A ) 
laser performance has been achieved which, for the first 
time, is comparable to that typical of UV B-*X rare gas- 
halide laser transitions. 

In this investigation laser excitation was provided by an 
electron beam having an energy of 1 MeV and a pulse dura- 
tion of 10 ns (full width at half-maximum). The e-beam cur- 
rent density at the center of the optical axis was ~ 250-300 
A cm~^, as measured with a Faraday probe. A stable, intra- 
cell optical resonator was used consisting of a totally reflect- 
ing {R > 99.6%) mirror having a radius of curvature of either 
0.5 or 1.0 m, separated by 12.5 cm from a flat output mirror 
having a reflectivity of 95%, a value found to be optimum for 
the present conditions. The active region was the —28 cm' 
volume defined by the clear aperture (1.9 cm diameter) and 
the pumped length (10 cm). Specific details of this experi- 
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mental arrangement and related diagnostic apparatus are 
described in Ref. 1. 

A cw Ar-ion laser was used' to measure the temporal 
evolution of the gain/absorption at several wavelengths 
throughout the blue-green region. Figure 1 shows a repre- 
sentative gain-absorption profile at 488 nm for an optimized 
Ar-Xe-NF3-F2 mixture under conditions for which the laser 
pulse energy density and intrinsic efficiency were typically 
1.5 + 0.3 J/1 and ~1.0%, respectively. Comprehensive 
analysis' of medium kinetic processes indicates that for these 
conditions the initial period of strong absorption is primarily 
the result of photoionization of the Ap, 3d, and higher lying 
states of Ar, and of the Xe 6p, and 5d states, along with 
photodissociation of Ar2('2„^ ) and AT^ . These broadband 
absorption processes more than offset the positive contribu- 
tion of XeF(C) excimer molecules during and immediately 
following the period of e-beam excitation. Although the Ar- 
related absorption processes decay rapidly, photoionization 
of Xe excited states is very significant even after the gain 
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FIG. 1. Temporal evolution of the net gain measured at 488 nm for mixtures 
comprised of 6.5 atm Ar, 8 Torr NF,, and partial pressures of Xe and F, 
optimized with and without Kr as mdicated. The measured e-beam current 
density on the optical axis for these conditions was typically 275 + 25 
A cm"", correspondmg to a volumetnc energy deposition estimated to be 
~150J/l|Ref. 1|. 
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becomes positive, thereby substantially reducing the peak 
gain value from that possible due to XeF(C) alone.' 

During the course of this work it was found that addi- 
tion of Kr dramatically reduced the initial absorption of the 
previously optimized Ar-Xe-NF,-F2 mixture.' Based on our 
analysis of the change is measured absorption in pure Ar and 
in Ar-Xe mixtures, it appeared that the most likely explana- 
tion for this observation was that Kr reduced the concentra- 
tions of both Arjf'X^^ ) and Ar,^ during the e-beam excita- 
tion pulse, while providing additional decay channels for the 
Xe bp and 5d states. Both gain and fluorescence data indicat- 
ed that the additional quenching of XeF(C) by Kr was also 
significant, however, so that the magnitude and duration of 
the gain typical of our initial experimentation with Kr were 
not improved. Thus, in these early studies, no increase in 
laser pulse energy/efficiency was achieved with mixtures 
containing Kr.' 

Because the influence of Kr on the measured blue-green 
absorption in various mixtures was found to be so pro- 
nounced, recent eff'orts have focused on systematic measure- 
ment and evaluation of gain temporal profiles and laser pulse 
energy, while varying the fractional concentrations of Xe, 
F2, and NF3 in mixtures of Ar and Kr at a total pressure' of 
6.5 atm. Although the Kr pressure was varied from a few 
Torr to several atm, particular emphasis was placed on Kr 
pressures in the 0.1-1.0-atm range for which the absorption 
peak during the e-beam excitation pulse was found to be 
minimized. Presented in Fig. 1 is the measured gain profile 
for a reoptimized mixture containing 0.2 atm Kr, excited 
under conditions essentially identical to those of the mixture 
without Kr, also shown in the figure. The significant reduc- 
tion in absorption during the excitation pulse with Kr in the 
mixture is readily apparer t, as is the higher value of peak 
gain and the increase in gain duration to about 80 ns. These 
features were found to be typical of Kr pressures throughout 
the entire 0.1-1.0-atm range. 

Measurements show that the magnitude of the absorp- 
tion minimum (Fig. 1) with Kr in the mixture is relatively 
insensitive to the specific values of Xe or F, pressure, but 
that the peak gain (and its rate of decay) is dependent on the 
concentrations of these species. Indeed, the optimum con- 
centrations of both Xe and Fj are found to be significantly 
lower than their values in the absence of Kr. 

Although our measurements indicate that the primary 
role of Kr is reduction of the concentrations of Ar and Xe 
related species that absorb in the blue-green region,' the 
measured rate of rise of the XeF(C—►^ ) fluorescence and its 
peak value both are significantly higher with Kr in the mix- 
ture, particularly for large Fj concentrations. Analysis 
shows that these effects are much more pronounced than 
would be expected on the basis of faster \tF B /C state mix- 
ing" due to Kr, suggesting that Xt¥(B, C) formation is en- 
hanced when Kr is present. One possible explanation for this 
observation is that Xe displacement reactions involving ei- 
ther KrF or KrjF are more effective than their Ar counter- 
parts.' However, the enhancement in XeF(C) formation with 
Kr in the mixture appears to be of less importance than the 
reduction in transient absorption. 

Presented in Fig 2 is the dependence of laser pulse ener- 

=   2.0 
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Xe(16T)-F2(8T) 

0 K-l- 
0   0.01 0.1 1.0 

Kr pressure, atm 
10 

FIG. 2. Laser pulse energy density dependence on Kr pressure as measured 
using a calibrated vacuum photodiode detector. The mixture was com- 
prised of Ar and Kr at a total pressure of 6.5 atm, 8 Torr NF,, lOTorr Xe, 
and 2 Torr F,. The indicated base level refers to the mixture optimized in the 
absence of Kr; the symbol (0| indicates the measured laser energy with no 
Ar in the mixture. 

gy density on Kr pressure for the specific Ar-Xe-Fj-NF, 
mixture found to be optimum for Kr pressures in the 0.1- 
1.0-atm range.' The four-component mixture optimized in 
the absence of Kr consistently results in laser pulse energy 
density values of 1.5 + 0.3 J/1 for the present conditions, a 
value not unduly sensitive to either the radius of curvature of 
the total reflector or of the transmission of the output 
coupler. Figure 2 shows that as the Kr pressure is increased 
above ~0.05 atm for the reoptimized mixture, the laser 
pulse energy increases above the ~ 1.5 J/1 base level of the 
reference no-Kr mixture. For Kr pressures in the 0.4-0.9- 
atm range, a broad maximum in laser energy density is 
achieved, corresponding to ~ 50% increase over that of the 
reference mixture, a result that is consistent with the trend 
exhibited by the measured gain/absorption profiles. The 
maximum 2.2 + 0.3 J/1 laser energy density typical of these 
conditions corresponds to an intrinsic energy conversion ef- 
ficiency estimated' to be approximately 1.5%. 

Measurements were also carried out for Kr pressures in 
the 3-4-atm range with no Ar in the mixture, a condition for 
which the energy deposited by the e-beam would be very 
nearly equivalent to Ar-bufiFered mixtures at a total pressure 
of 6.5 atm.' In these tests, with the Xe and Fj pressures again 
reoptimized, the maximum laser energy density was in the 
0.5-0.7-J/l range, a value much lower than that of either the 
no-Kr reference mixture or the optimized mixture with Kr 
present.* With the Kr pressure in the 3-4~atm range, addi- 
tion of varying amounts of either Ne or Ar up to pressures of 
several atm resulted in laser pulse energy values about the 
same as those using Kr alone, although the energy deposited 
in such cases was substantially increased. This is in contrast 
to the situation for either the Ar-buffered reference mixture 
or the optimized Ar-Kr mixture, for which it was found that 
increasing the energy deposition by increasing either the e- 
beam current density or the Ar pressure resulted in higher 
laser output. Indeed, for the optimum conditions of Fig. 2, 
but with the Ar pressure increased from ~ 6.5 to 8.5 atm, the 
laser pulse energy was found to increase from 2.2 J/1 to ~ 3.0 
J/1. Thus, all of our evidence indicates that the use of Ar and 
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FIG. 3. XeF(C—/< ) laser spectra for (a) the mixture optimized with Kr pres- 
ent and (b) for the optimum mixture in the absence of Kr. Also shown is the 
wavelength dependence of peak zero-field gain normalized to its value at 
488 nm. 

Kr together as an effective buffer-energy transfer species re- 
sults in a medium that, when electrically excited, is charac- 
terized by significantly lower concentrations of excited-ion- 
ized species that absorbed in the blue-green region than is the 
case using either Ar or Kr alone. 

Presented in Fig. 3 are the time integrated laser spectra 
for optimum mixtures with and without Kr for conditions 
similar to those in Fig. 1. Although there are some differ- 
ences, the two spectra are generally similar except for a 
somewhat deeper absorption valley centered near 480 nm in 
the Ar-Kr mixture. Also shown in this figure is the measured 
wavelength dependence of the peak value of the zero-field 
gain,' normalized to its value at 488 nm. The relatively weak 
wavelength dependence of the gain suggests that efficient 
tuning' of the electrically excited XeF{C->-A ) laser may be 
possible throughout a large portion of the 450-510-nm 
range. 

This investigation has shown that a combination of rare 
gases (Ar -|- Kr) and fluorine molecules (NFj + Fj) permits 
synthesis of near optimum XeF(C-+^ ) laser properties for 
which XeF(C) can be produced efficiently (5%-10%) while 
transient absorption is minimized. The resulting optical ex- 
traction efficiency of 20%-25% is unique for an electrically 

excited XeF(C—►^ ) laser. Indeed, the values of laser energy 
density (2-3 J/1) and intrinsic efficiency (l%-2%) typical of 
the present electron beam excited XeF{C~^A ) laser medium 
are comparable to those of other blue-green lasers such as 
HgBr(B—X) and wavelength shifted XeC\{B-*X] or 
XeF(.B—►A'). If comparable performance levels can be 
achieved using discharge excitation, the XeF(C->-.4 ) laser 
may become a comf)etitive, tunable optical source for the 
blue-green region of the spectrum. Additionally, it is likely 
that mixture synthesis of the type employed in this investiga- 
tion will find application as a means to improve the perfor- 
mance of other laser systems." 

It is a pleasure to acknowledge the contributions to this 
work of our colleagues: Dr. Y. Nachshon of The Technion, 
Dr. G. Marowsky of the Max-Planck Institut fiir Biophysi- 
kalische Chemie, and Mr. F. Emmert of the University of 
Wiirzburg. This work was supported in part by the Office of 
Naval Research, the National Science Foundation, and the 
Robert A. Welch Foundation. 
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Significantly improved output power and spectral characteristics have been obtained for an 
electron beam-pumped XeF(C—►^ ) laser by selective tailoring of kinetic processes. Using a high 
pressure Ar-Xe mixture containing both NF3 and Fj in combination, a laser pulse energy density 
of 0.1 J/1 was obtained corresponding to an electrical-optical conversion efficiency of 
approximately 0.1%. Modeling of kinetic processes and analysis of laser spectral output confirm 
that the improved laser efficiency is primarily a consequence of reduced absorption by Xe-related 
excited species. 

PACS numbers; 42.55.Fn, 42.60.By 

With broadband fluorescence spanning the 400-550- 
nm range, the XeF(C—>-^ ) excimer transition has potential 
for the development of efficient, tunable lasers in the blue- 
green region of the spectrum. Laser oscillation near 480 nm 
has been reported by investigators using electron beam exci- 
tation '' or discharge excitation''* of mixtures containing Xe 
and a fluorine donor such as NF3 or Fj in a background gas 
at several atm pressure. Additionally, laser oscillation based 
on photolytic pumping of a gas containing XeF; has been 
demonstrated.'"^ Although the XeF(C) excimer can be 
formed efficiently under the conditions typical of these ex- 
periments, the large ( — 70 nm) C—>-.4 bandwidth and rela- 
tively long C-state hfetime (~ 100 ns) result in a cross section 
for stimulated emission*^ that, at ~ 10" '^ cm', is more than 
an order of magnitude smaller than that of the 351-nm B—*X 
laser transition. Thus, the development of adequate gain on 
the C—*A transition requires very intense pumping, a cir- 
cumstance that usually results in high concentrations of 
electrons and of excited and ionized species when electrical 
excitation is used. The electrons tend to mix the closely 
spaced (~0.1 eV) 5 and Cstates,** an effect strongly favoring 
UV laser oscillation at the expense of the visible C—-A transi- 
tion. More importantly, certain excited and ionized species 
typical of the laser medium absorb at the laser wavelength. 
To date, these two factors combined have limited the effi- 
ciency of the electrically excited XeF(C-^A ) laser to levels 
much less than 0.1%. Photolytic pumping of XeF^-contain- 
ing mixtures has been shown to minimize these effects, but at 
the expense of a significant increase in system complexity.^ 
In this letter we report the results of an investigation directed 
toward tailoring kinetic processes in electrically excited 
XeF(C—►^ ) laser mixtures in such a way as to overcome the 
aforementioned problems. 

Most previous investigations have used NF3 as the 
source of fluorine in the XeF(C—^A ) laser. Nitrogen trifluor- 
ide has a high rate coefficient for dissociative electron at- 
tachment for electron energies of a few eV. The F" resulting 
from this reaction recombines rapidly with Xe^ yielding 
XeFI^.C).** However, the rate coefficients for NF, quench- 
ing of Xe*, XeJ, and similar species are relatively small 
(~ 10"'° cm' s~') for a halogenated molecule,'" with the 

result that the concentrations of absorbing species reach 
very high levels when NF3 is used under conditions of in- 
tense electrical excitation. Indeed, in all cases with NF3 as 
the F donor,'"' the C—*A laser spectrum has been found to be 
severely structured, and the dominant absorption features 
readily identified with known transitions between atomic 
Xe-excited states."'" In contrast, Fj has an attachment co- 
efficient that is much smaller than that of NF3 for average 
electron energy above one eV, and a quenching coefficient 
for absorbers such as Xe* that is typically an order of magni- 
tude larger.'°-'' This suggests that use of NF, and Fj together 
in electrically excited lasers may result in improved laser 
performance by maintaining the concentrations of both the 
electrons and excited species at acceptably low levels. 

Presented in Fig. 1 are the rate coefficients for dissocia- 
tive attachment of NF, and F^ as a function of electron mean 
energy'''; F" is the negative ion produced in both cases. Also 
shown is the effective attachment coefficient resulting from 
combination of the two species in equal proportions. Clearly 
the attachment coefficient of such a mixture is very much 
higher than that of either NF, or F^ alone. In addition, for 
such a mixture, the effective rate coefficient for quenching of 
potential absorbers is even higher than that of Fj alone due 
to the contribution of NF3. That F, quenching of XeF* is 
also much higher than that of NF, (Ref 15) tends to be offset 
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FIG. 1. Electron attachment 
coefficients for NF„ F2, and 
NFj + F; as a function of the 
electron mean energy [adapt- 
ed from Chantr>' (Ref 14)]. 
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FIG. 2. Normalized temporal characteristics of the c-beam excitation pulse 
and XeFiC-^A ) fluorescence and laser output for a mixture of 6 atm Ar, 16 
Torr Xe, 8 Torr NF„ and 8 Torr F-, 

since the product of reactive quenching of Xe* by F. is 
XeF*.'-'' Indeed, an analysis of kinetic processes for condi- 
tions typical of e-beam excitation" indicated that in mix- 
tures containing approximately equal concentrations of NF, 
and Fj, the XeF* population would be essentially un- 
changed by the presence of F,, but that the concentrations of 
excited Xe atomic and molecular states would be reduced 
significantly. 

In order to evaluate the two-halogen concept, mixtures 
of high-purity gases were transversely pumped by a 10-ns 
full width at half-maximum electron beam pulse."'- The 
maximum beam energy was 1 MeV and the current density 
on the optical axis was typically 100 A/cm". A stable, intra- 
cell optical resonator was used consisting of a mirror having 
a radius of curvature of 1 m (/? > 99.6%) and a flat output 
mirror having a reflectivity of 95% between 480 and 520 nm. 
The active region was the cylindrical volume defined by the 
mirror size and spacing, 1.9 cm in diameter and 10 cm long, 
as confirmed by photographs of the near-field laser output. 

The optical emission from the reaction cell was moni- 
tored by a fast, calibrated vacuum photodiode (ITT 
F4000S5). Color glass and interference filters were used to 
observe only the emission from the XeF(C—►/!) transition. 
The photodiode signals were recorded by a Tektronix R7912 
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FIG. 3. XeF(C-./<) laser en- 
ergy density as a function of 
F; pressure for a mixture 
containing 6 atm Ar. 16 Torr 
Xe, and 8 Torr NFi. 
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FIG.4. XeFiC—^ 1 laser spectra for a mixture of(a) 8 Torr NF„ 16TorrXe, 
and 6 atm Ar; and (b| for the same mixture with 8 Torr F, added. 

Transient Digitizer. A 0.25-m Jarrel-Ash spectrometer in 
conjunction with an OMAl optical multichannel analyzer 
was used to observe the temporally integrated emission spec- 
tra with a resolution of 1 nm. 

Typical gas mixtures consisted of 6 atm Ar, 16 Torr Xe, 
and varying amounts of NF, and F^, individually or in com- 
bination. The variations of the XeF[C-^A ) fluorescence and 
laser output power for several mixtures were studied in de- 
tail. Peak laser emission, centered at 480 nm, occurred ~ 35 
ns after the C—^A fluorescence peak as shown in Fig. 2. The 
time-integrated laser output was found to increase from the 
0.002-j/l level typical of our previous studies'" using NF, 
as the halogen donor, to 0.03 j/1 using an optimum 8 Torr F, 
in place of NF3. Moreover, as shown in Fig. 3, an additional 
increase in laser output to 0.1 j/1 was obtained for a mixture 
containing 8 Torr Fj and 8 Torr NF,. Based on an estimate 
of e-beam energy deposited in the active volume (~28 cm'), 
a laser output of 0.1 j/1 corresponds to an intrinsic efficiency 
of approximately 0.1%. 

The absorption characteristics of the mixture were pro- 
foundly altered by the presence of Fj. Figure 4 shows mea- 
sured laser spectra for mixtures containing optimum 
amounts of NF3, and of NF, and F, in combination. The 
distinct absorption lines that appear in the NF, laser spec- 
trum of Fig. 4(a), principally due to transitions between Xe- 
excited states, vanish with F, added to the mixture [Fig. 
4(b)]. For the latter circumstances our calculations show that 
the concentrations of Xe-metastable atoms, higher excited 
states of Xe, and XeJ' dimers are reduced by approximately 
an order of magnitude. Thus, the nearly two orders-of-mag- 
nitude increase in laser power and efficiency is due primarily 
to a reduction of both atomic and molecular absorption by 
Xe-related excited species. Laser spectra typical of Fig. 4(b) 
are the first essentially absorption-free spectra ever reported 
for electrically excited XeF(C—^ ) laser media. 

The results of this investigation demonstrate that by 
selective tailoring of kinetic processes in electrically excited 
XeF(C—►/}) laser mixtures, the concentrations of electrons 
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and of absorbing species can be maintained at levels compa- 
tible with efficient laser oscillation. Although the observed 
laser efficiency has been increased significantly from prior 
levels to a value of about 0.1 %, our calculations indicate that 
the XeF(C) formation efficiency is in the 5-10% range for 
the conditions of this experiment, implying that the optical 
extraction efficiency is still only a few percent. This suggests 
that by optimization of the optical cavity and/or by laser 
pulse injection, op)eration of electrically excited XeF{C-*A ) 
lasers with output energies of 1 j/1 at efficiency levels on the 
order of one percent or more is a distinct possibility. 
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A. Welch Foundation. 
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Effect of Nitrogen on XeF(C—>A) and 
Xe2CI Laser Performance 

ROLAND SAUERBREY, FRANK K. TITTEL, SENIOR MEMBER, IEEE, 

WILLIAM L. WILSON, JR., MEMBER, IEEE, AND WILLIAM L. NIGHAN 

Abstract—ExpenmenU demonstrating the effect of nitrogen on 
electron-beam pumped XeF(C-».4) and Xe20 laser performance are 
reported. The laser power of the XeF(C->/l) laser decreased with 
increasing nitrogen pressure, whereas the Xe2Cl laser power increased 
by a factor of three at an optimum nitrogen pressure of 200 ton. 
Atomic absorptions in both laser spectra are decreased by the addition 
of nitrogen. The kinetic mechanisms leading to the observed behavior 
are discussed. 

I. INTRODUCTION 

RECENTLY, broadband rare gas halide lasers utilizing either 
the C-^A transition of diatomic XeF* [l]-[4] centered 

around 480 nm or trimers, such as Xe2Cl at about 520 nm [5], 
have been developed. For the XeF{C-* A) laser, high power 
output and wavelength tunability have been demonstrated [6] - 
[8]. In the case of XcjCl, gain measurements [9] and laser 
action [5] were reported. 

Both excimer lasers suffer from absorptions by metastable 
xenon species [7], [10] which reduce their output power 
and impair their tuning capability. Recently, Eckstrom et al. 
[6], [7] demonstrated that these absorptions can be eliminated 
in the XeF(C->•/!) laser spectrum when XeFj is excited photo- 
lytically to form XeF* and nitrogen is used instead of argon as 
the buffer gas. In this work the effects of adding nitrogen to 
Ar/Xe/NFj and Ar/Xe/CCl4 mixtures on the electron beam- 
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pumped XeF(C-*^) and Xe2Cl laser performance are reported. 
The fluorescence and laser output characteristics for both laser 
mixtures are described. 

II. EXPERIMENTAL SETUP 

Details of the experimental arrangement were the same as 
those described in [10]. Mixtures of high purity gases were 
transversely pumped by an electron beam. In the case of 
XeF(C-*-/l), 8 torr NFj, 16 ton Xe, and varying amounts of 
nitrogen were mixed in 6 atm of argon buffer gas. Typical gas 
mixtures for Xe2Cl were 1.5 torr CCI4, 300 torr Xe, 6 atm 
Ar, and varying amounts of nitrogen. The maximum electron 
beam energy was 1 MeV and the pump pulse duration was 10 
ns. The typical maximum electron beam current density, mea- 
sured by a Faraday cup on the optical axis of the reaction cell 
was 200 A/cm'. An area of 10 cm X 2 cm was pumped by the 
e-beam. 

The optical emission from the reaction ceU was monitored by 
two fast vacuum photodiodes (ITT F4000S). Color glass filters 
were used to reject the strong fluorescence from the XeF(B -> 
X) or XeCl(B-*X) transitions. The photodiode signals were 
recorded by a Tektronix R7912 Transient Digitizer. The rise 
time of the detection system was about 2 ns. A 0.25 m Jarrel 
Ash spectrometer in conjunction with an DMA 1 optical multi- 
channel analyzer was used to observe the temporally integrated 
emission spectra. 

For the XeF(C-^A) laser experiments, mirrors with a reflec- 
tivity of 98 percent between 420 nm and 500 nm and radii of 
curvature of 1 and 10 m, respectively, were used. In the case of 
the Xe2Cl laser, a mirror with a reflectivity of greater than 99.5 
percent at 520 nm and a radius of 5 m and an output coupler 
with 98 percent reflectivity at 520 nm and a radius of curvature 
of 10 m were mounted inside the laser cell. In both cases the 
distance between the mirrors was 14 cm. 

0018-9197/82/0900-1336SOO.75 © 1982 IEEE 
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III. RESULTS 

A. XeF(C^A) 

The variation of the time-integrated XeF(C->/l) laser out- 
put power with the addition of small amounts of nitrogen was 
studied. When the entire spectral range of the laser pulse was 
considered, the laser power decreased monotonically with 
nitrogen up to 200 torr (Fig. 1). However, when only the 
short wavelength portion of the laser pulse was considered 
(453 to 470 nm), the laser power increased when up to 20 
torr Nj was added. Thus, although the reflectivity of the 
laser mirrors decreased to about 97 percent at 460 nm, the 
output power from the XeF(C^A) laser increased by about 
30 percent in this spectral region. The laser power decreased, 
however, when additional Nj was added to the Ar/Xe/NFs laser 
mixture. Because the laser temporal pulse shape did not change 
with the addition of nitrogen, the peak laser power behaved 
the same as the laser energy. When pure nitrogen was used as a 
buffer gas, no laser action was observed for the pump power 
density available. Furthermore, the fluorescence from the 
XeF(C) state around 480 nm decreased when the nitrogen pres- 
sure increased. This fluorescence decrease was less pronounced 
when higher amounts of xenon were used. 

The laser spectrum changes considerably when Nj is added 
to the gas mixture. Fig. 2(a) shows a laser spectrum without 
nitrogen, whUe in Fig. 2(b), 50 torr N2 was added to a standard 
gas mixture. Besides the increase of the laser power in the 
short wavelength part of the spectrum, the absorption features 
in Fig. 2(b) are considerably richer than in Fig. 2(a). 

Many of the absorptions in Fig. 2(a) have been attributed to 
absorption of metastable xenon species mainly into the Xe- 
Rydberg series. With no nitrogen present in the gas mixture 
and in agreement with earher observations [7], [10], only 
absorptions from the Xe(6x^/'o)-level and the Xe(6x^/'i)-level 
(weaker) are observed. However, when nitrogen is added [Fig. 
2(b)] absorption lines beyond the ionization limit of the ^PQ -*■ 
nf (|) Rydberg series at 462.4 cm [11] can be observed 
because the laser spectrum now extends to shorter wavelengths. 
Most of these lines can be attributed to transitions from the 
Xe(6x'/'2)-level into various Xe(6p) and Xe(7p)-states. Several 
absorption lines are probably due to xenon and argon ions [12]. 

The absorption valleys observed in the laser spectrum with 
nitrogen are not quite as deep as in the absence of nitrogen. 
However, no complete elimination of the absorption lines 
could be achieved as observed by Bischel etal. [7] with photo- 
lytic pumping. 

B. XesCl 

The Xe2Cl fluorescence and laser characteristics behaved 
quite differently compared with XeF(C-*/4). First the 
fluorescence intensity was independent of the nitrogen ad- 
mixture up to Nj pressures of 1 atm in a normal Xe^Cl gas 
mixture. With an admixture of 50 torr nitrogen the XejCl 
fluorescent intensity as a function of CCI4 donor pressure was 
the same as in the absence of nitrogen. Furthermore, only 
very weak additional quenching of Xe2Cl fluorescence by Nj 
was observed. The quenching rate constant for Xe^Cl by N^ 
was determined to be (7 ± 2) X 10"'^ cm^ ■ s"'. 

Considerable improvement of the Xe^Cl laser output was 

II- 

100 
N2 PRESSURE ,  Torr ■ 

200 
Oo 

Fig. 1. XeF(C-<--4) laser energy as a function of the nitrogen admix- 
ture. The curve corresponding to the left vertical scale depicts the to- 
tal laser energy. For the curve corresponding to the right vertical scale, 
the laser energy spectrum was integrated between 453 and 470 nm. 

(a) 

;b) 

Fig. 2. XeF(C-«/4) laser spectra for a mixtureof 8 torrNF3,16 torrXe, 
and 6 atm Ar (a) and for the same mixture with 50 ton Nj added (b). 
Besides the ^0 ~*"/ [|h Rydberg series {n is the principal quantum 
number) the following absorption lines were identified: 

a) 3Po-6p'[2] 

b) Xe* 

c) Xe* 

e) 3/>2-6p'(2] 

g) ¥i-7p[^] 
h) 3p^^6p'[i] 

k) ¥o-llp[|] 

/) Xe* 

observed, however, when nitrogen was added to the gas mix- 
ture as shown in Fig. 3. A threefold increase of the laser power 
could be achieved by the addition of 200 torr of nitrogen. 
The decrease in laser power with increasing N2 pressure above 
200 torr is consistent with earlier results where a failure of 
the XejCl laser using nitrogen as a buffer gas was reported 
[10]. In order to get reUable results, several shots with differ- 
ent gas mixtures were used for every experimental data point 
depicted in Fig. 3. The error bar gives the statistical error in 
the maximum of the curve. 

As in the case of fluorescence, the Xe2Cl laser intensity shows 
the same dependence on the CCI4 pressure with and without 
the admixture of 200 torr nitrogen. Intense UV-superradiance 

24 



1338 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-18, NO. 9, SEPTEMBER 1982 

20 

- 

\ 

1.5 TOT ecu   . 

300 Torr Xe 

/ 
6 otm Ar 

- 
1 l- \ - 

. ■1 \ 

> 

1 \ 
a 

~ O 

\ 

1                         1 

(a) 

(b) 

0 2o: 400 
Nj   PRESSURE,   Torr    —^ 

Fig. 3. Xe^Cl laser power as a function of nitrogen pressure. 

on the XeCl(£^ A")-transition at 308 nm which was observed 
for CCI4 pressures of more than 1.5 torr without nitrogen was 
strongly quenched by 50 torr of nitrogen. When neon was 
used as a buffer gas, no laser action could be observed. The 
addition of nitrogen did not alter this behavior. 

The time-integrated laser spectrum of XciCl was strongly 
influenced by nitrogen (Fig. 4). Without nitrogen, the laser 
spectrum shows deep absorption valleys [Fig. 4(a)]. The most 
distinct absorption line is due to the transition between the 
Xe{6s%) and the Xe(7/ [|]) level at 516.4 nm [10]. When 
200 torr nitrogen is added, this absorption Hne is eliminated 
completely [Fig. 4(b)]. The Ar* absorption hne at SM.S nm 
is, however, not affected by nitrogen admixture. The absorp- 
tion decrease of the xenon line is fully saturated at less than 
100 torr of Nj. The laser power, however, increases up to 200 
torr of nitrogen in the gas mixture. 

IV. DISCUSSION 

The primary role of Nj as an additive in the present XeF(C) 
and Xe2Cl laser experiments can be best understood by con- 
sideration of two factors: 1) the influence of N2 on the pro- 
duction of XeF and Xe2Cl and 2) the effect of N2 on the pro- 
duction and loss of the primary absorbing species Xe*, XeJ, 
and Xe2. Evaluation of the loss of the neutral absorbers is 
relatively straightforward. Assuming that the measured [13] 
quenching coefficient of 1.9 X 10"'' s'' cm^ for Xe(^F2) by 
N2 is also representative of the other Xe(6s) levels, Nj pres- 
sure of 100 torr results in a Xe* quenching time constant 
of about 20 ns, a time characteristic of the observed lasing 
onset for the present conditions. Further, since the dimer 
Xe* is produced from Xe*, it follows that the presence of Nj 
will also result in a reduction of both the production and loss 
of this broadband absorber. For these reasons, the presence 
of Nj at the levels typical of this experiment is expected to 
reduce both discrete and broadband absorption resulting 
from Xe* and Xe* in both laser mixtures. However, a com- 
parison of Figs. 2 and 4 reveals significant qualitative differ- 
ences in the changes in absorption observed when N2 is added 
to XeF(r) and XejCl mixtures. Additionally, XeF(C) fluores- 
cence and laser output was found to decrease in the presence 
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Fig. 4. Xe2Cl laser spectra for a mixture of 1.5 ton CCI4, 300 torr Xe, 
and 6 atm Ar (a) and for the same mixture with 200 torr Nj added 
(b). Besides the ^0 -*"/ [5I. Rydberg series of Xe* the following 
absorption lines have been identified [12]: 

a) 3Po-13p[il 
b) ¥2-7p[§] 

c) Ar* h) Ar" n) ^o - "lOrf I 

e) Ai* 

of Nj while XejCl laser output increased although XejCl fluo- 
rescence remained relatively unaffected. These observations 
are best explained by considering the effect of N2 addition on 
charged particle loss processes in the two laser mixtures. 

Fig. 5 shows the electron energ>' dependence of the rate 
coefficient for dissociative electron attachment [14] to NF3 
and CCI4. In the absence of K2 the electron mean energy for 
both the XeF and XciCl laser mixtures is expected to be in the 
2-3 eV range, typical of e-beam excited rare gases [15]. This 
is a mean energy for which the attachment coefficients for NF3 
and CCI4 are both very large and of comparable magnitude. 
Under these circumstances ion production by the e-beam is 
balanced almost entirely by ion-ion recombination in both 
laser mixtures. ModeUng of the present experimental condi- 
tions shows that for a quasi-steady electron mean energ>' of 
about 2-3 eV during and slightly after the e-beam excitation 
pulse, the negative ions F" and Cl" resulting from NF3 and CCI4 
dissociative attachment recombine with Xe* and Xej to form 
XeF and XeCl, respectively, the latter being the precursor of 
Xe2Cl [10]. Thus, in the absence of N2, attachment is bal- 
anced by positive ion-negative ion recombination in both 
mixtures. 

Upon addition of N2 to these laser mixtures at the 1-5 per- 
cent fractional concentration levels of this experiment, calcu- 
lations show that the electron mean energy will be substantially 
lower (a few tenths of an eV) during and after the excitation 
pulse as a result of electron coohng due to Nj vibrational 
excitation. Examination of Fig. 5 shows that the effect of 
such a reduction in electron temperature on negative ion pro- 



SAUERBREYefa/.: EFFECT OF NITROGEN ON LASER PERFORMANCE 1339 

0.05 0.1   0.2     0.5   1.0   2.0 

ELECTRON WEAN' ENERGY. 

5.0 
ev 

Fig. 5. Electron attachment coefficients for NF3 and CQ4 as a function 
of the mean electron energy (adapted from Chantry  [ 14 ]). 

duction (electron loss) is dramatically different in the XeF(C) 
and XeaCl mixtures containing NF3 and CCI4, respectively. 
In the former, electron cooling from the few eV range to a 
few tenths of an eV results in an order-of-magnitude decrease 
in the rate coefficient for NF3 dissociative attachment with 
the result that F' production and subsequently XeF forma- 
tion decreases, a result consistent with our observation that 
XeF(C->^) fluorescence decreases as the N2 concentration 
increases. The quenching of XeF(C) by N2 should be negligible 
even at nitrogen pressures of the order of 100 torr [16]. 
Additionally, in this case the decreased attachment results 
in a much larger electron density so that electron dissociative 
recombination with Xej dominates the charged particle loss, 
i.e., in the limit of a very low attachment coefficient ion, 
production by the e-beam is balanced by electron-ion recom- 
bination rather than by attachment. Since the product of e -t- 
Xcj recombination [17] is Xe*, althougli N2 serves to quench 
Xe* and Xe*, its presence in the XeF mixtures also contributes 
to an increase in the production of these absorbers. While the 
net effect of N2 on the density of absorbing species may be 
beneficial, when considered in light of the large decrease in 
Xe*-F'recombination, addition of N2 results in a decrease in 
XeF(C) laser output. 

In marked contrast to the situation in XeF mixtures in which 
NF3 is the halogen donor. Fig, 5 shows that electron cooling 
in the Xe2Cl mixture due to N2 addition results in an order-of- 
magnitude increase in the CCI4 attachment coefficient. Al- 
though the rate coefficient for Cl" production increases sharply 
as the electron energy decreases, the net effect of this increase 
on the absolute magnitude of ion-ion recombination (and there- 
fore XeCl production) is of second-order importance since for 
this mixture attachment is the dominant electron loss process 
throughout the entire 0.2-2.0 eV electron energy range of im- 
portance. Thus, for the conditions of the Xe2Cl mixture with 
or without N2, XeCl formation by way of ion-ion recombina- 
tion is sensibly constant, being determined by the magnitude 
of the e-beam excitation pulse. That is, so long as attachment 
is always the dominant electron loss process, the magnitude of 
the attachment coefficient itself is not particularly important. 
This interpretation is consistent with our observation that 
Xe2Cl fluorescence is relatively insensitive to N2 addition over 
a broad range of N2 fractional concentration. Although an 
enhanced electron attachment coefficient does not affect the 

XeCl* production, modeling of the present experimental con- 
ditions shows that Xe2, Xe*, and Xe2 populations decrease 
with increasing electron attachment coefficient. Therefore, 
discrete and broadband absorption by these species are reduced 
by the addition of nitrogen, causing a significant increase in the 
Xe2C! laser output. These absorption processes are particu- 
larly important because recent calculations by Stevens and 
Krauss [19] show that the absorption of Xe2Cl laser Hght by 
the Xe2Cl molecule is negligibly small. 

Clearly, high energy pulsed e-beam excitation of the high 
pressure mixtures typical of the XeF and Xe2Cl lasers con- 
sidered here results in a highly ionized, highly excited plasma 
medium of a type for which there is relatively little experience. 
Nonetheless, the differences in the magnitude and the electron 
energy dependence of the attachment coefficients in NF3 and 
CCI4 in response to the electron cooling certain to occur with 
N2 addition to rare gas mixtures are so large as to dominate 
over other known reactions. In conclusion, the present observa- 
tions accompanying the addition of N2 to XeF(C) and Xe2Cl 
laser mixtures using NF3 and CCI4, respectively, can be inter- 
preted in a satisfactory manner on the basis of changes associ- 
ated with the different attachment characteristics of the two 
laser mixtures and the quenching of absorbers by nitrogen. 
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Kinetic processes in the HgBr(S->A'y/HgBr2 dissociation laser 
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Results are reported of an investigation of fundamental kinetic processes influencing discharge 
and laser properties typical of the 502-nm HgBr(5—►X j/HgBr^ dissociation laser. Specific 
attention is focused on conditions representative of electron-beam-controlled discharges. 
Experimental results and corresponding analysis and interpretation are presented for several laser 
mixtures, focusing particularly on the factors affecting discharge characteristics and HgBr(5) 
formation. A set ofphenomenological electron-HgBr2 cross sections inferred on the basis of 
analysis of experimental observations is presented, along with a discussion of the eflFect of 
electron-electron collisions on medium properties at the level of fractional ionization typical of 
the HgBr(5 l/HgBr^ laser. 

PACS numbers: 42.55.Hq, 52.80. - s, 41.80.Dd 

I. INTRODUCTION 

The blue/green 502-nm HgBT{B—>-X) laser is a leading 
candidate for appHcations requiring an efficient (> 1 %) visi- 
ble laser capable of generating relatively high average power 
(> 100 W).' Eflicient UgBriB—X) oscillation has been dem- 
onstrated recently^' using a variety of discharge-excited 
mixtures containing 0.2-1.0% mercuric bromide HgBr2. 
Under such conditions the excited mercurous bromide mole- 
cule HgBr(.S) is produced as the result of dissociative excita- 
tion of HgBrj by either electron impact or reactive quench- 
ing of certain excited atoms or molecules.'' 

In this paper we report the results of an investigation of 
fundamental kinetic processes influencing both discharge 
and laser properties typical of the HgBr(5 j/HgBrj system. 
Specific attention is focused on conditions representative of 
electron-beam-(X)ntrolled discharges, an exci.ation method 
capable of generating high pressure, volume-dominated 
glow discharges that are quasisteady. Because of these char- 
acteristics, such discharges can provide a rich source of fun- 
damental information difficult to obtain by other means." 
Section II presents a description of the electron-beam-con- 
trolled discharge experiment and related diagnostic appara- 
tus, along with examples of representative current, voltage, 
and fluorescence characteristics. A detailed discussion of 
our analysis of these characteristics is presented in Sec. III. 
Therein attention is focused on charged-particle production 
and loss processes and their influence on the dependence of 
discharge current density on variations in applied electric 
field. The factors aff^ecting HgBr(£) formation are treated in 
Sec. IV, wherein the eff'ects of gas-mixture variation are ana- 
lyzed and a comparison of measured and computed values of 
502 nm gain discussed. This investigation and a related 
study' have shown that virtually all aspects of electron- 
HgBrj collision phenomena aff'ect laser/discharge perfor- 
mance. The discussion of Sec. V deals with this aspect of the 
subject, focusing particularly on electron-HgBrj collision 
processes such as vibrational and electronic excitation. 
Therein a set of phenomenological electron-HgBrj cross sec- 
tions inferred on the basis of analysis of experimental obser- 
vations is presented, along with a discussion of the role of 
electron-electron collisions for conditions typical of 
HgBr(.B )/HgBr2 laser discharges. 

II. ELECTRON-BEAM-CONTROLLED DISCHARGE 
EXPERIMENTS 

A. Discharge cell 

The present experiments were carried out using an e- 
beam-controlled discharge having a 1.5 X 1.7 X 50 cm active 
volume, enclosed within a heated chamber as shown in Fig. 
1. Because of the reactive nature of HgBrj, proper cell design 
was critical in order to maintain purity of the gas mixtures 
and to minimize surface reactions. In the cell used in this 
investigation, the only materials in contact with the HgBrj 
containing gas mixture were type 316 stainless steel, Pyrex, 
Viton, and dielectric coated mirrors. HgBrj crystals were 
contained in a Pyrex reservoir positioned in a sidearm as 
shown in the figure. The main cell structure was maintained 
at a temperature of 195 °C; variation of the reservoir tem- 
perature in the 150-190 °C range provided a corresponding 
variation in HgBrj partial pressure from approximately 1 to 
12 Torr.* The electron-beam system and discharge driver are 
described elsewhere.'^ 

The discharge voltage was provided by a low-induc- 
tance capacitor of a size so as to produce only a very slight 
decrease in voltage (i.e., E /«) during the pulse. Additionally, 
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FIG. 1. Schematic illustration of the heated HgBr(.S )/HgBrj e-beam-con- 
trolled laser discharge cell. 
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the electron beam was initiated 200 nsec prior to the onset of 
the discharge voltage and provided a constant e-beam cur- 
rent density of 0.5 A cm~^ for 1.2yus. With this arrangement 
it was possible to produce a highly uniform plasma medium 
that was essentially quasisteady, a circumstance greatly fa- 
cilitating detailed comparison of experimental observations 
with the predictions of our discharge/laser kinetics model. 

/. V-l characteristics 

In the work reported here, all measurements were car- 
ried out with a reservoir temperature of 170 °C at a total cell 
pressure of 2.0 atm. Both neon and argon were used as 
buffers, with and without the addition of 5-10% of an excita- 
tion transfer species such as N2 and/or Xe. In order to en- 
sure true equilibrium between the HgBrj density and the 
reservoir temperature, the desired HgBrj density was estab- 
lished in the pre-evacuated cell prior to the admission of the 
buffer gas mixture. For each gas mixture, shots were made 
over a range of applied voltages, starting at a level below that 
for which any significant HgBr(.6—►A') fluorescence was ob- 
served and proceeding to the point at which nearly instan- 
taneous discharge instability occurred. 

Presented in Fig. 2 are representative voltage, current, 
and fluorescence data for Ne containing 0.35% HgBrj, cor- 
responding to E /n values for which the fluorescence was 
relatively intense. For the lower E /n value a stable, uniform 
discharge could be maintained for 1 /zs until the e beam was 
terminated. However, 2& E/n was increased, the discharge 
and fluorescence terminated prematurely due to the occur- 
rence of ionization instability.■^■^ This general behavior was 
found to be typical of all mixtures and conditions examined. 

B. Gain measurement 

In order to obtain a quantitative relationship between 
the relative fluorescence and the HgBr(£) density, and to 
relate discharge current, voltage, and fluorescence to mea- 
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FIG. 2. Representative voltage, current, and HgBr(5—►A') fluorescence 
characteristics for an e-beam-controlled discharge excited Ne-0.35% 
HgBr, mixture at a pressure of 2 atm and a cell temperature of 190 °C, The 
e-beam current density, at 0.5 A cm"', was constant for 1.2 /xs and was 
initiated 200 ns prior to application of the discharge voltage. 

sured laser performance, the arrangement shown in Fig. 3 
was used to make small-signal gain measurements. A nitro- 
gen-pumped dye laser (Molectron model DL-14) was used in 
a standard two-beam configuration with the probe and refer- 
ence pulse energies detected using pyroelectric joulemeters 
(Molectron model J3). A photodetector was used to monitor 
the superimposed fluorescence and probe laser signals and to 
verify the temporal location of the probe pulse. Since the 
probe pulse was short (~ 5 nsec) compared to the discharge 
duration, shot-to-shot measurements were used to deter- 
mine the temporal variation of the gain during the discharge 
pulse. In the present study all small-signal gain data were 
obtained at 502.2 nm (i.e., at the wavelength exhibiting 
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strongest lasing when the discharge was operated with an 
optical cavity). 

Detailed gain measurements were carried out for select- 
ed gas mixtures and discharge voltages. Qualitatively, the 
present studies yielded results in good agreement with those 
reported by other investigators' and showed that relative 
changes in measured small-signal gain correlated very close- 
ly with variations in relative fluorescence. On the basis of 
these findings, the fluorescence data were interpreted as rela- 
tive small-signal gain, even for gas mixtures and voltage 
ranges for which gain measurements were not actually car- 
ried out. 

III. DISCHARGE KINETICS 

A. Analysis of V-/ variations 

Although accurate measurement of discharge voltage 
and current is relatively straightforward for conditions typi- 
cal of those presented in Fig. 2, quantitative computation of 
these properties is quite difficult, even though the e-beam- 
controlled discharge medium closely approximates a quasi- 
steady, spatially uniform medium. Accurate prediction of 
the variation of discharge current density / with E /n re- 
quires knowledge of the electron drift velocity and all impor- 
tant charged particle production and loss processes. De- 
pending on mixture conditions, the drift velocity is very 
sensitive to low-energy electron-HgEr, collision processes, 
such as vibrational and electronic excitation, and to the ef- 
fect of electron-electron collisions on the electron energy dis- 
tribution function,^ a topic to be discussed in Sec. V. Al- 
though charged-particle production is dominated by the 
e-beam source for low E /n values, direct and multistep ioni- 
zation by low-energy discharge electrons invariably become 
important as E /n is increased, ultimately resulting in dis- 
charge instability. Both HgBr^ dissociative attachment and 
electron-ion recombination are found to contribute to the 
loss of electrons for the conditions of interest 

/. Computed drift velocity and attachment coefficient 

Presented in Figs. 4 and 5 are electron drift velocities 
and attachment coefficients for the mixtures examined in 
this investigation, computed'* using reported cross sections 
for Ne,' Xe,'° N^," and for HgBr^.' Clearly there are sub- 
stantial mixture-to-mixture variations in the drift velocity 
over the 1-10 Td £■/« range. Figure 5 indicates that the at- 
tachment coefficient is less sensitive to mixture variation, 
with the exception of mixtures containing Nj. In the latter 
case, the resonance in the e-N, vibrational cross sections 
near 2.0 eV truncates the electron energy distribution," so 
that there are very few electrons with energy above the 3.1 
eV threshold for dissociative attachment.' Thus, for low E /n 
values, the HgBrj attachment coefficient is unusually low 
with Nj in the mixture. 

2. J vs E/n variation 

Measured and computed variations of discharge cur- 
rent density with E/n are presented in Figs. 6 and 7 for Ne 
and Ar containing 0.35% HgBr. and for Ne-0.35% HgBr, 
mixtures containing either 5% Nj or 10% Xe. Both mea- 
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FIG 4 Computed electron drift velocity for the indicated mixtures con- 
taining 0.35% HgBr,. The drift velocity (and the electron energy distribu- 
tion function) was computed for a fractional ionization level of 2x 10~', 
using the cross sections shown in Fig. 12 as discussed in Sec. V. 

sured and computed values refer to a time 200 ns after appli- 
cation of the discharge voltage pulse. For these conditions 
the ratio of discharge power input to that of the e-beam 
ranges from about 2 to 20 for the Ne, Ar, and Ne + Xe- 
HgBr, mixtures, and from 20 to 60 for the Ne-Nj-HgBr, 
mixture, reflecting the high current density and £/n values 
typical of the latter. Calculations show that, for the lowest 
E/n values in all four mixtures, the only ionization is pro- 
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FIG. 5. Computed electron-HgEr, dissociative attachment coefficients for 
the conditions of Fig. 4. The attachment coefficient for the Ne-Xe-HgBr; 
mixture falls between the curves for the Ne and Ar mixtures and has been 
omitted for the sake of clarity. 
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Examination of Figs. 6 and 7 shows that the current 
density increases as ^//i is increased for all mixtures, as ex- 
pected. However, the data exhibit substantially different 
variations, primarily indicative of the dependence of the drift 
velocity on E /n (Fig. 4) and on the increasing importance of 
direct and multistep ionization at higher E /n values. For the 
Ar-HgBrj mixture and the Ne-HgBrj mixture containing 
Xe, the present calculations show that the sharp rise in the 
current density, ultimately resulting in discharge instability, 
is a consequence of multistep ionization of the metastable 
and higher excited states^ of Ar and Xe, respectively. In con- 
trast to this situation, direct electron-impact ionization of 
HgBrj dominates in the Ne-HgBrj mixture with or without 
N2 present. Whether dominated by multistep or direct ioni- 
zation, the calculated E /n for instability onset was found to 
be in satisfactory agreement with experimental observations 
for all mixtures examined. 

^2       3. Electron-ion recombination 

FIG. 6. Measured and computed discharge current density for (a) Ne and (b) 
Ar containing 0,35% HgBfj at the ceU conditions of Fig. 2. Because medi- 
um properties are particularly sensitive to variations in E /n the uncertainty 
in the measured values of this parameter is indicated. 

vided by the electron beam either directly or by way of Pen- 
ning ionization reactions. In mixtures not containing Nj, the 
principle electron-loss process is dissociative attachment, 
with electron-ion recombination representing between 25 
and 50% of the total loss depending on specific conditions. 
Thus, for low E /n values the agreement between the mea- 
sured and computed current density, along with mixture-to- 
mixture consistency, is indicative of the accuracy with which 
the electron drift velocity and attachment coefficients can be 
computed (Figs. 4 and 5). 
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FIG. 7. Measured and computed discharge current density for a Ne-5% Nj 
mixture and a Ne-10% Xe mixture, both containing 0.35% HgBrj, and cell 
conditions otherwise similar to those of Figs, 2 and 6. 

Because attachment is not significant for low E/n val- 
ues in the mixture containing Nj, the measured current den- 
sity in this case provides a means for estimating an effective 
electron-recombination coefficient for HgBrj-related ions. 
The present modeling of ion-species concentrations included 
the ions Ne"", Ne + , Ar"", Ar + , N/, N + , Xe"^, Xe/, 
HgBr^*, and the product ions HgBr"^, Hg"^, and Br*. For 
the conditions of Figs. 6 and 7, calculations indicate that 
HgBrj*" is usually dominant, followed by the sum of the indi- 
cated product ions. Satisfactory agreement between theory 
and experiment is obtained using a value of 2 ± 1X 10~^ 
s~' cm' for the electron-ion recombination coefficient for all 
HgBrj-related ions. This value is probably representative of 
HgBr2+, HgBr"^, and/or these ions clustered to HgBrj,'^ for 
average electron energy values in the 2-4 eV range. 

IV. HgBr(/9) FORMATION 

A large number of HgBrJ states"" can be produced 
either by direct electron impact or by HgBr^ reactive 
quenching of excited states of species such as Ne, Ar, N2, and 
Xe. However, only the ''2" ;^ state of HgBrj predissociates 
to form HgBr(5)." Further, available evidence indicates 
that this state can be collisionally produced in substantial 
quantity only by electrons and/or by the excited states of 
N^'^'-'orXe."'''* 

Figure 8 illustrates the general sequence of events re- 
sulting in HgBr(5) formation in discharge excited lasers. The 
large Franck-Condon shift between the B and X states of 
HgBr is such that the laser transitions terminate on high 
vibrational levels of the X state. These levels are rapidly de- 
activated by colUsions with the background gas,'^ thereby 
permitting efficient optical extraction. Following laser oscil-" 
lation, the HgBr(A') state recombines with Br atoms to re- 
form HgBrj, the final step in a reaction sequence that ap- 
pears to be nearly completely cyclic under carefully 
controlled conditions. 

The laser/discharge medium produced using the e- 
beam-controUed discharge excitation technique is esi)ecially 
well suited for evaluation of the HgBr(£) production reac- 
tions illustrated in Fig. 8. In order to study both electron- 
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FIG. 8. Sequence diagram illustrating the dominant steps in HgBr(5) for- 
mation in the HgBr, dissociation laser. Both electrons (e) and certain excited 
species (A/ *! can excite the '■'2' * states of HgBrj that predissociate to form 
HgBr(5). In addition, many HgBrj states are excited which do not yield 
HgBr(.ff I upon predissociation. 

impact excitation and excitation transfer reactions, HgBr(5) 
fluorescence and gain were examined for several mixtures 
over a range of discharge conditions. 

A. Ne and Ar-HgBrj mixtures 

Both Ne and Ar have been used as the background gas 
in the present study and by other investigators as well.^ Al- 
though rare gas metastable atoms and higher excited states 
are produced both by the electron beam and by low- energy 
electron collisions in such mixtures, reactive quenching of 
these species by HgBrj results in little or no HgBr(5) forma- 
tion.'*''* In the present analysis HgBrj quenching rate coef- 
ficients for the excited states of Ne and Ar have been taken to 
be2x 10-'°and3xlO-'°sec~'cm^ respectively. For Ne* 
quenching, all the reaction products have been assumed to 
be ions, i.e., the products of Penning reactions, while for 
Ar*, two-thirds of the reaction species have been assumed to 
be ions and one-third neutral fragments. While use of these 
rate coefficients and branching fractions has been found to 
be consistent with the observed I-V characteristics, the 
agreement between the computed and measured values of 
current density (Fig. 6) is not unduly sensitive to the values 
chosen. 

Figure 9 shows the measured and computed values of 
small signal gain in Ne and Ar containing 0.35% HgBrj. 
Under these conditions, our analysis shows that HgBr(5) is 
produced as the result of direct electron-impact dissociative 
excitation of HgEr^. The agreement between the computed 
and measured values of gain is satisfactory lending support 
to the electron-HgBr, cross sections used in the calculation, 
a topic to be discussed in Sec. V. For the higher E /n values, 
calculations show that the HgBr(£) formation efficiency for 
the Ne and Ar-HgBrj mixture conditions of Fig. 9 is in the 
2.5-3.0% range. 
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FIG. 9, Measured and computed small-signal gain for Ne and Ar contain- 
ing 0.35% HgBr^ excited under the e-beam-controlled discharge conditions 
of Figs, 2 and 6. 

/. Ion recombination 

Very weak fluorescence was observed with Ne and Ar 
mixtures and e-beam excitation alone (Fig. 2), most likely the 
result of HgBrj*" recombination with electrons and/or Br~. 
Analysis indicated that these reactions had comparable rates 
during the 200-ns period prior to initiation of the discharge. 
However, the HgBrj*^ -Br~ recombination r jaction is not ex- 
pected to produce the ^-^l J*" state and, in turn, HgBr(5 ).'^ 
While electron-ion recombination is not state selective, this 
reaction may produce some higher lying HgBrJ states'^ 
which correlate with the B state of HgBr. Nonetheless, the 
magnitude of the e-beam-produced HgBr(5—►X) fluores- 
cence observed in this investigation can be accounted for by 
assuming only a 10% B state branching fraction for electron- 
HgBr^*^ recombination. Apparently, direct branching to 
HgBr(5) following recombination and cascade from higher 
lying HgBr states produced by recombination are both 
small. 

B. Ne-N2-HgBr2 mixtures 

With N2 added to the Ne-HgBr^ mixtures, discharge 
and laser properties are changed dramatically, primarily as a 
consequence of Nj vibrational and electronic excitation." 
Of course, direct electron excitation of HgBrj resulting in 
HgBr(£) still occurs, but calculations show that the magni- 
tude of the rate coefficient for this reaction is reduced some- 
what from its value in a Ne-HgBr, mixture. Ofifsettmg this 
decrease are excitation transfer reactions involving 
N2(v4 ^I ^) and higher Nj excited states," Unfortunately, 
the branching" to HgBr(£) upon reactive quenching of 
K2{A ) by HgBrj is only 15%. This reaction combined with 
direct electron dissociative excitation of HgBrj is insufficient 
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beam-controlled electric discharge. Additionally, these Xe 
states are strongly quenched by HgBrj resulting in HgBr(£) 
formation with an eflSciency of about 80%.'*" For these 
reasons, Xe would seem to be the ideal excitation transfer 
species for the HgBr(5 j/HgBrj laser, and initial calcula- 
tions^ indicated that the HgBr(5) formation eflSciency in 
mixtures containing Xe could be on the order of 10%. Un- 
fortunately, such has not been found to be the case. Indeed, 
the Xe-HgBr2 laser mixtures examined to date are not as 
eflBcient as others under e-beam-controlled discharge excita- 
tion, although their performance is comparable. Absorption 
in the blue/green region may contribute to a lower optical 
extraction efficiency in mixtures containing Xe. However, 
for the present conditions, measured absorption at 520 nm 
was found to be less than 0.1% cm~'. Further, since the 
observed B—*-X fluorescence was substantially less than pre- 
dicted, it appears that the explanation probably lies with the 
HgBr(5) formation sequence itself, a factor prompting more 
detailed examination of Xe*-HgBr2 kinetics. 

Nj SCALE   —L- J I I   I   I 
10 20 

E/n. Tds 

FIG. 10. Measured and computed small-signal gain for a Ne-10% Xe mix- 
ture and a Ne-5% Nj mixture, both containing 0.35% HgBr^, excited under 
the f-beam-controlled discharge conditions of Figs. 2 and 7. Note that the 
E/n scale for the Nj mixture has been shifted for the sake of clarity. 

to account for the gain observed in the N2 mixture. However, 
electron excitation of NjM ) represents only 20-40% of the 
total Nj electronic excitation,'* and there is evidence that a 
higher Nj excited state(s) also contributes to HgBr(5) forma- 
tion. " Thus, in the present analysis, another Nj excited state 
was considered in addition to NjM )• 

1. NJ-HgBrj branching to HgBr(5) 

The rate coefficient for electron-impact excitation of 
the higher-energy Nj electronic state was taken as the sum of 
those of nine other Nj states for which cross sections have 
been reported." Assuming that the total HgBr2 quenching 
coefficient for this single effective state is 2 X 10~'" s"' cm^, 
a value typical of NjM ), an HgBr(j5) branching fraction of 
25 ± 10% is found to result in satisfactory agreement 
between measured and computed gain as shown in Fig. 10. 
Most probably HgBr(.B) is produced primarily as a conse- 
quence of an HgBrj reaction with N^iB'/Zg),'* the highly 
populated and closely coupled B'/7g and W'^ ^ states of N, 
being produced both by electron impact on ground state N, 
and by cascade from higher lying levels. For the conditions 
of the N, mixture of Fig. 10, approximately 50% of the 
HgBr(5) production results from N, excitation transfer 
[one-third of that from N;^ )]. and 50% from direct elec- 
tron-impact excitation of HgBr,. The computed HgBr{£) 
formation efficiency for the higher E /n values of Fig. 10 is in 
the 1.0-1.5% range. 

C. Ne-Xe-HgBrj mixtures 

As is typical of the rare gases, the two lowest Xe(65> 
states, ''P2 and ^P,, can be produced very efficiently in an e- 

1. Xe' kinetics 

Figure 11 shows the Xe electronic levels of significance 
in the present context. The two 6s states at about 8.3 and 8.5 
eV are efficiently excited by electron impact on ground state 
Xe, as are many higher lying Xe states. In the present analy- 
sis, it is assumed that the closely spaced 'P2 and ^P, levels are 
completely mixed by electron and neutral collisions and con- 
stitute a single level. The ds', 6p, and all higher lying states 
are also closely coupled together^" and are assumed to be 
coupled to the lower-energy 6J levels only by electron colli- 
sions as indicated in the figure. In addition, the single, effec- 
tive upper state (6x',6p,. ..) so comprised is assumed to be 
strongly quenched by HgBr2 with no branching to HgBr(5). 
Even on the basis of these rather conservative assumptions, 
the computed HgBr(.B) fluorescence and formation effi- 
ciency are found to be higher than measured values. Consi- 
deration of the factors contributing to this situation shows 
that the underlying reason is a computed Xe(6s) population 
which is apparently too large. One explanation for this dis- 
crepancy is an unaccounted-for Xe(65) loss mechanism, with 
three-body quenching by Ne a likely possibihty. 
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FIG. 11. Simplified Xe energy-level diagram showmg the excited states of 
pnmary importance in the present conicxt and indicatmg the dominant pro- 
duction and loss processes for each group of slates as discussed in the text 
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2. YJ&(6S) three-body quenching 

Based on the relatively small (~10~'^ s~' cm*) rate 
coefficient for the reaction Xei^P^) + Xe + M—Xejf'i^ t) 
+ M, three-body quenching of Xe* would be insignificant 

for the conditions of this experiment. However, measure- 
ments^' indicate that the reaction Xe{-''P,) + Xe -H Ar-vXcj 
('2'+) -f Ar has a rate coefficient of 2x 10~^' s~' cm^ a 
factor of 10 times higher than the analogous ^Pj reaction. 
Nevertheless, even with this value for the rate coefficient, 
merely substituting Ne as the third body has little eflfect on 
the computed Xefds) population because the Xe fractional 
concentration is only 10%. However, if it is assumed that 
two Ne atoms are involved, then reasonable agreement 
between computed and measured gain can be obtained. For 
example, the computed gain shown in Fig. 10 for the 10% Xe 
mixture was generated on this basis using a rate coefficient of 
2X10-" s-'cm" for the proposed three-body XepP,) 
—vNeXe* reaction. The hypothesis that Ne three-body 
quenching of the coupled ^P, and 'P, states of Xe proceeds at 
a rate much faster than suggested by the value of the rate 
coefficient measured for Xej^Pj) alone is also consistent with 
recent observations^^ of increased Xe('P,| decay in Ne at 
lower pressures. 

Although the NeXe* molecule so produced is likely to 
be weakly bound, implying a large rate coefficient for the 
reaction back to Xe('P,), radiative decay and HgBrj quench- 
ing may compete strongly with the reverse reaction. The ^P, 
component of Xe forms a molecule having an allowed transi- 
tion to the ground state, with the result that the lifetime of 
NeXe* will be typical of that of Xcjl'J'^"^), —10 nsec. 
Quenching by HgBr, will also have a characteristic time of 
several nanoseconds for the HgBr; concentrations of inter- 
est. Further, the very efficient reaction channel resulting in 
the formation of HgBr(J5) following Xef^P^,) quenching by 
HgBrj is thought'* to involve the charge transfer potential 
Xe"*^-HgBr2", which subsequently evolves specifically to 
HgBr(£) + Xe 4- Br, probably by way of the predissociating 
intermediate Xe-HgBr*. However, NeXe* (and/or Xe*) 
may have lower branching to HgBr(5) upon quenching by 
HgBr2 because of reduced efficiency of the charge transfer 
step, or for the subsequent evolution of the charge transfer 
intermediate. '* For these reasons conversion of Xe(ds) atoms 
to NeXe* (or other similar molecular species) may signifi- 
cantly lower the effective HgBr(5) branching fraction. 

Additional clarification of the factors controlling the 
^^(^^2,1) population in discharges of the type under consi- 
deration may provide the basis for devising means to take 
advantage of the highly efficient formation of HgBr(£) fol- 
lowing reactive quenching of Xe(^P2,i) by HgBr,. Clearly, 
additional expenmentation in this area would be :nost help- 
ful. 

V. ELECTRON COLLISION PROCESSES 

A. Electron-HgBrj electronic cross sections 

As discussed earlier, reactive quenching of Ne and Ar 
metastable atoms by HgBrj results in little or no HgBri^ | 
formation. For this reason, the present observations and 
those   of   McGeoch,   Hsia   and   Klimek."'   of   strong 
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FIG. 12. Measured electron cross sections for HgBr2 dissociative attach- 
ment 2 DA and ionization Q, as reported in Refs, 5 and 23, along with the 
cross sections for direct 2VD ^^^ resonant QVR vibrational excitation as 
inferred from analysis of electron swarm experiments (Ref. 5). Also shown 
are the electronic cross sections inferred as part of the present investigation 
as discussed in Sec. V. 

HgBrl^-^A') fluorescence in e-beam-controlled discharge 
excited mixtures with Ne or Ar as the buffer, suggested that 
direct electron-impact excitation of HgBrz is an important 
reaction leading to HgBr(5). Under these circumstances, the 
electron-ion recombination rate is insufficient to account for 
the observed blue/green fluorescence. Further, the dissocia- 
tive attachment rate is also too low and at low E /n values has 
a qualitative variation''^" inconsistent with that of the ob- 
served fluorescence. Thus, HgBr(£) is apparently not the 
dominant neutral fragment of the e-HgBr2 attachment reac- 
tion as once suggested.^- On the other hand, a relatively 
modest rate coefficient (i.e., cross section) for dissociative 
excitation of HgBr2, branching to HgBr(5), easily accounts 
for the observed fluorescence. On this basis, a phenomenolo- 
gical cross section for HgBr(.5) formation was inferred as 
part of the present investigation and independently by 
McGeoch, Hsia, and KJimek,^^ both by analyzing e-beam- 
controlled laser discharge characteristics. The present cross 
section for HgBr(5) formation Q^ [B), as determined in this 
manner, is shown in Fig. 12. 

More difficult than determining the approximate mag- 
nitude and £■/« variation of the e-HgBrj rate coefficient for 
HgBr(£) production, is generation of a self-consistent set of 
companion cross sections representative of HgBrj vibration- 
al' and electronic excitation that are capable of predicting 
the mixture-to-mixture variation of both discharge and laser 
properties in a satisfactory way. Cross sections for direct e- 
HgBr, vibrational excitation gvo. with an energy loss of 
0.035 eV, and for resonant vibrational excitation gvR. with 
an effective energy loss of 0.25 eV, have been recently in- 
ferred from an analysis of data obtained using an electron 
swarm experiment." These cross sections are also shown in 
Fig. 12, along with those for HgBr, dissociative attachment 
and ionization,'^--'' In addition to Q^ {B ), two other e-HgBrj 
electronic cross sections have been used in this analysis, one 
having a threshold of 5.0 eV, 2^(5.0), the approximate 
threshold for HgBr, electronic excitation,'^ and a higher- 
energy cross section with a threshold of 7.9 eV, Q^ (7.9). Of 
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course there are many HgBrj electronic states" that can be 
excited by electrons, but for the present purposes, use of 
three effective cross sections is sufficient to explain experi- 
mental observations of discharge/laser performance. 

The magnitude of the electronic cross section Q^iS.Q] 
was adjusted so that, in combination with the resonant vibra- 
tional cross section CVR . the low £/« behavior of HgBr(£) 
fluorescence computed using Q^(B) was in satisfactory 
agreement with experiment. As indicated in Fig. 8, the 
HgBrj 5.0-eV process results in KgBT{A,X) upon predisso- 
ciation. However, a much larger cross section, Q^ (7.9), most 
likely representative of a number of HgBrJ states, is required 
to predict both discharge characteristics, particularly insta- 
bility onset, and fluorescence in agreement with experimen- 
tal observation. This finding is in agreement with the obser- 
vations of McGeoch, Hsia, and Klimek," and also with 
recently measured^* electron energy loss spectra in HgBr^, 
which indicate the existence of a large cross section with a 
corresponding energy loss of about 7.9 eV. 

/. Numer/ca/ experimentation with trial cross sections 

Considerable numerical experimentation involving 
variations in both the magnitude and threshold slopes of the 
cross sections QJS.O), QJB), and QJ7.9) indicated that the 
computed laser/discharge properties are not particularly 
sensitive to the magnitude of the cross sections above the 
threshold region. For example, increasing or decreasing the 
constant portion of any of the three electronic cross sections 
of Fig. 12 by a factor of two or more has little significant 
effect on computed gain or HgBr(£ ) formation efficiency for 
the conditions of this investigation. However, these laser 
properties are very sensitive to the relative threshold slopes 
ofQAB) and QJ7.9). Because the 7.9-eV cross section tends 
to block the 5-state cross section in the threshold region, 
changes in the initial slopes of either of these cross sections 
result in significant changes in the computed values of both 
gain and .S-state formation efficiency. The relationship 
between these two cross sections, as shown in Fig. 12, was 
found to yield satisfactory agreement between the computed 
and measured laser and discharge properties of the present 
investigation. However, with the exception of the cross sec- 
tions for ionization and attachment, the phenomenological 
cross sections shown in Fig. 12 are inferred and therefore 
should be considered provisional, pending measurement of 
the individual e-HgBr, cross sections. 

2. Attacfiment and ionization in Ne-HgBr2 mixtures 

Computed HgBr, attachment and ionization coeffi- 
cients for the Ne-HgBr^ mixture conditions discussed earlier 
are shown in Fig. 13 and serve to illustrate the importance of 
Cx(7.9). Since the threshold for electronic excitation of Ne is 
well above the 10.62-eV HgBrj ionization potential, in Ne- 
HgBrj mixtures, the eff'ect of electronic excitation of HgBr, 
alone determines the E /n value for which HgBr. ionization 
becomes important relative to attachment. Since the HgEr, 
cross sections for attachment and ionization are well- 
known,''" calculations show that the magnitude and energy 
variation of the cross section 2, (7.9) determines the £/« 

IQ-IU    _ 

10' 

- 

'    '   '   1 '         '      '     '   '   > 1 M 

\—y - 

\    / )-10 — ka-r/^ \ / — 
- Y - 

- j\ - 

h ~ 
" / \ — 

- 

/  ' 

- 

- /                                                                J^kg-k, - 

■11 _.,! .ill  1 

J^ — 

E/n, Ids 10 

FIG. 13. Attachment rate coefficient k^ and ionization rate coefficient k, 
for a Ne-0.35% HgBr^ mixture computed using the cross sections of Fig 12 
and a fractional ionization value of 2 X 10 ''. Also shown is the difference or 
net attachment coefficient k^-k,. 

value for which the net attachment, A:^ -/t,, begins to decrease 
rapidly, leading to e-beam-controlled discharge current 
runaway. In the present investigation, the magnitude and, 
more importantly, the slope of Q^ (7.9) were adjusted until 
theZ'/n variation of discharge current density, including in- 
stability onset, could be predicted in Ne-HgBr, mixtures, 
along with the E /n variation of the gain based on Q^B]. The 
resulting Q^ (7.9) so determined was also found to be consis- 
tent with observations in an electron swarm experiment'^ un- 
der conditions very diff'erent from those of the present e- 
beam-controlled laser discharge. 

3. Fractional power transfer—He-HqBx^ 

Various contributions to the electron fractional power 
transfer (FPT) for the Ne-HgBrj conditions discussed above, 
computed using the cross sections of Fig, 12, are presented in 
Fig. 14. Over a relatively broad range of E/n, the FPT asso- 
ciated with HgBr(5) formation is in the 7-8% range for the 
present conditions, which, upon consideration of the quan- 
tum efficiency, results in a maximum HgBr(5) formation 
efficiency of about 3%. Numerical experimentation shows 
that this value is very sensitive to the slope of 2^ (5) (Fig. 12) 
because of the blocking effect of the 7.9-eV cross section. For 
these mixture conditions, by far the largest contribution to 
FPT is the combined eff'ect of the 5.0- and 7.9-eV electronic 
cross sections, particularly the latter. Indeed, with the com- 
puted FPT for the eff'ective 7.9-eV process five to ten times 
larger than that of HgBr(£) formation, it seems highly Hkely 
that excitation of higher lying HgBr, states (as represented 
by the 7.9-eV process) also contribute significantly to 
HgBr(.fi) formation. Even if the HgBr(£) branching fraction 
associated with the 7.9-eV process is as low as 5%, HgBr(£) 
formation efficiency and gain will be aflTected signficantly. 
For this reason, assignment of all HgBr(£ ) formation to a 
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FIG. 14. Various contributions to the electron fractional power transfer 
(FPT) for a Ne-0.35% HgBr, mixture computed for the conditions of Fig. 
13. 

single cross section Q^ [B), while convenient, is probably not 
correct. 

Figure 14 shows that the FPT due to vibrational excita- 
tion of HgBrj is also significant. For the present mixture 
conditions, vibrational excitation represents about a 10% 
electron energy loss, a value which increases rapidly for low- 
er £■/« values. In addition, by depressing the tail of the elec- 
tron energy distribution, the resonant vibrational cross sec- 
tion Q VR significantly affects the magnitude and variation of 
the attachment coefficient at low £/« values' (Fig. 5). 

B. Electron-electron collisions 

Although the electron energy distribution function is 
non-Maxwelhan for the glow discharge conditions typical of 
the present investigation, the fractional ionization a = njn 
is at least 10~* and usually higher. At this fractional ioniza- 
tion level, it has been shown^-^' that electron-electron colli- 
sions exert an important influence on the electron distribu- 
tion function, particularly the high-energy region. All 
electron transport properties and rate coefficients are affect- 
ed by the change in the distribution function, most signifi- 

2x10 

FRACTIONAL IONIZATION. n„/n 

FIG. 15. Dependence of the electron drift velocity v^, HgBrj ionization 
coefficient, and Ar metastable production coefficient on fractional ioniza- 
tion a = n,/n, computed for an £ /« value of 7 Td s. The dependence of 
these properties on a is stronger for lower E /n values and weaker for higher 
values. 

cantly processes having an energy threshold much higher 
than the 2-3-eV mean electron energy typical of HgBr(£)/ 
HgBrj laser discharge. As an illustration of the importance 
of this effect in the present context. Fig. 15 presents the com- 
puted fractional ionization dependence of electron drift ve- 
locity, the HgBrj ionization coefficient, and the Ar metasta- 
ble production coefficient computed for an Ar-0.35% HgBrj 
mixture at a constant E /n value of 7 Td s. These results show 
that processes such as excitation and ionization can exhibit a 
significant dependence on fractional ionization for values of 
this variable above 10~*; even the electron drift velocity 
changes substantially for a> lO"*. Calculations show that 
the effect oie-e collisions is most pronounced when the back- 
ground gas has an electron momentum transfer cross section 
exhibiting a strong energy variation, such as Ar. Additional- 
ly, the sensitivity of transport properties and rate coefficients 
to increases in fractional ionization is larger the lower the £ / 
n value, reflecting the strong increase in the cross section for 
electron-electron collisions with decreasing electron ener- 
gy-'* 

Since the electron distribution function exhibits a de- 
pendence on fractional ionization, it is particularly impor- 
tant to include the effect of electron-electron coUisions in 
analyses of discharge conditions for which a S 10"*. Elec- 
tron cross sections inferred on the basis of analysis of e- 
beam-controUed laser/discharge performance will be affect- 
ed unless the dependence of the electron energy distribution 
on both E /n and fractional ionization is taken into account. 

VI. SUMMARY 

In the present investigation, measurements of e-beam- 
controlled discharge current density, li^Br(B-^X] fluores- 
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cence, and 502-nm small-signal gain, obtained for several gas 
mixtures and a large range of £ /n values, have been analyzed 
in detail. Satisfactory agreement between measured and 
computed discharge current density has been obtained, due 
in large measure to consideration of both vibrational excita- 
tion' of HgBrj by low-energy electrons and the influence of 
electron-electron collisions on the electron energy distribu- 
tion and, subsequently, on computed electron drift velocity 
and rate coefficients. Once able to predict discharge current 
density over a wide range of experimental variables, atten- 
tion was directed toward analysis of HgBr(£) reaction kinet- 
ics. In mixtures comprised of Ne or Ar and HgBrj, direct 
electron-impact dissociative excitation of HgBrj is found to 
dominate HgBr(5) formation, a conclusion also reported by 
other investigators.'-^^ With N^ or Xe added to the mixture, 
dissociative excitation transfer contributes to HgBr(5) pro- 
duction. In Nj containing mixtures, Nji^ ^I ^) and a higher 
NJ state(s) (probably 3^77^) are reactively quenched by 
HgBrj, resulting in HgBr(5 [formation with branching frac- 
tions of 15% and 25 ± 10%, respectively. Excitation trans- 
fer from Xe('P2), following quenching by HgBr,, results in 
HgBr(5) formation with near-unit branching and is an im- 
portant reaction in mixtures containing Xe. However, for 
the conditions examined to date, a competitive Xel'Pj) loss 
channel appears to significantly limit the efficiency of 
HgBr(£ ) formation and thus laser performance. We suggest 
Ne three-body quenching of the closely coupled 'P, state as a 
likely possibility. In any case, with the exception of Xe mix- 
tures, the present analysis shows that the HgBr(5) formation 
pathway is not very selective, a factor likely to limit the effi- 
ciency of HgBr(£) formation to a maximum value of approx- 
imately 5% even under the most optimum of conditions. 

In conjunction with a closely related study,' a set of self- 
consistent e-HgBr2 cross sections for attachment, ionization, 
vibrational excitation, and electronic excitation has been de- 
termined. When used to model laser/discharge kinetics, this 
cross-section set results in satisfactory agreement between 
measured and computed properties. However, it should be 
recognized that only the cross sections for HgBrj ionization 
and attachment have been actually measured,''^"* while the 
phenomenological cross sections for vibrational and elec- 
tronic excitation have been inferred on the basis of related 
experimental observations. Although very useful in the pre- 
sent context, such inferred cross sections should be consi- 
dered provisional, pending the availability of measured cross 
sections. 
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Efficient HgBr {B-^X) laser oscillation in electron-beam-controlled- 
discharge-excited Xe/HgBra mixtures 

Robert T. Brown and William L. Nighan 
United Technologies Research Center, East Hartford, Connecticut 06108 

(Received 11 August 1980; accepted for publication 7 October 1980) 

This letter reports the results of an investigation of HgBr(B ^2 "^ —►Jf ^2 "^) laser oscillation at 502 
nm in Xe-HgBrj mixtures excited using an electron-beam-controlled discharge. Measured values 
of instantaneous electrical-optical energy conversion efficiency were 2%, a level substantially 
higher than that typical of N,-HgBr2 mixtures. Calculations show that efficiencies of 5-10% may 
be possible under optimized conditions. 

PACS numbers: 42.55.Hq, 52.80. - s, 41.80.Dd 

The HgBr(5 -2*—JIT-2"*-) laser operating at 502 nm 
promises to be an important optical source in the blue/green 
region of the spectrum. Excitation of this laser transition has 
been achieved by dissociative excitation of the mercuric-bro- 
mide molecule, HgBrj, in an electric discharge.' Using N;- 
HgBr, mixtures, electrical-optical energy conversion effi- 
ciencies in the 0.5-1.0% range have been obtained.' Analy- 
sis of the knietics of electrically excited Nj-HgBr; mixtures 
has shown that the HgBr(5 "2*) laser molecule is formed 
following predissociation of HgBr2('2^^ ), the latter pro- 
duced as a result of N,(/l '2^" ) quenching by HgBr; mole- 
cules.' However, calculations show that the production effi- 
ciency of N,(^ '2^^ ) in Nj-HgBr, discharges is about 10- 
15%, and recent measurements indicate that the N,!-^ -^2^ )- 
HgBr, branching fraction for HgBr(5 "2 ^) formation is only 
15-20%.' These factors may limit the efficiency of he dis- 
charge-excited HgBr(fi j/HgBr, dissociation laser to a value 
of approximately 1% when N, is used as the energy transfer 
molecule. 

By way of contrast, recent measurements show that the 
Xe(^P2] metastable atom has a large rate coefficient for 
HgBr, dissociative excitation and that HgBr{£ -2*) is 
formed with near unit efficiency."* In addition, the present 
calculations show that Xel'F,) metastable atoms can be pro- 
duced with high efficiency ( > 50%) over a broad range of 
electric discharge conditions. For these reasons Xe has un- 
usual potential as an energy transfer species in the 
HgBr(;S )/HgBr2 dissociation laser. In this letter we report 
the results of efficient HgBr(fi—►A') laser oscillation in Xe- 
HgBr. mixtures using an electron-beam-controlled 
discharge. 

The present experiments were carried out using a 
1.5 X 1.7 X 50-cm active volume within the heated discharge 
cell shown schematically in Fig. 1. Previous investigations'^ 
have shown that proper cell design is critical in order to 
maintain chemical purity of the gas mixture. In order to keep 
HgBr^-surface interactions to a minimum, in this cell the 
only materials in contact with the working gas mixture were 
type 316 stainless-steel, Pyrex, Kalrez, and dielectric-coated 
mirrors. HgBr, crystals were contained in a Pyrex reservoir 
positioned in a side arm as shown in the figure. Variation of 
the cell (and reservoir) temperature in the 150-200 °C range 
provided a corresponding variation in HgBr, partial pres- 

sure from about 1 Torr to approximately 15 Torr. The elec- 
tron beam system and discharge driver utilized in this inves- 
tigation have been described previously." 

Presented in Fig. 2 are representative measured charac- 
teristics for a mixture containing 10% Xe in a Ne buffer at a 
total pressure of 2 atm and a temperature of 185 °C. Based on 
available vapor pressure data,' the HgBr, concentration for 
these conditions was 2.4X 10'^ cm"', corresponding to a 
mixture fraction of approximately 0.007. In this case the 
electron beam was initiated 200 ns before the discharge volt- 
age and provided a constant e-beam current density of 
0.5 A cm ""for 1.2/isec. The discharge voltage was provided 
by a low-inductance capacitor of a size so as to produce only 
a very slight decrease in voltage (i.e., E /n) during the pulse. 
With this arrangement it was possible to produce a highly 
uniform plasma medium which was essentially quasisteady. 
For the conditions of Fig. 2 the measured current and volt- 
age exhibited essentially steady-state behavior for over 0.5 
^sec, at which time the discharge was terminated by arcing. 

Time-dependent discharge and laser properties were 
modeled numerically using procedures which have been de- 
scribed previously.' *" Computed current-voltage character- 
istics were found to be in very good qualitative and quantita- 
tive agreement with measured values over a range ofE/n 
values and HgBr, concentrations. In addition, the onset of 
arcing could be predicted and was shown to be due to volu- 
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FIG. 1. Illustraiionof heated HgBr(fi|/HgBr, laser discharge cell. 
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FIG. 2. Representative characteristics for an e-beam-controlled-discharge- 
excited mixture comprised of 10% Xe in a Ne buffer at a total pressure of 2 
atm and a temperature of 185 'C. For these conditions the HgBr, concentra- 
tion in the cell was 2.4x 10'^ cm"', approximately 0.7% of the total mix- 
ture. The «-beam current density (at the center of the discharge) was 0.5 
Acm~^. 

metric ionization instability.* Prior to the onset of arcing the 
discharges were found to operate in a high-impedance (2-3 
Q), externally controlled mode. Modeling of discharge prop- 
erties indicated that for conditions typical of this investiga- 
tion (e.g., Fig. 2) 80-90% of the deposited energy was pro- 
vided by the discharge, and 60-70% of the ionization was 
provided by the e-beam, values found to be consistent with 
experimental observations. Thus the Ne/Xe/HgBrj dis- 
charges examined in this investigation were e-beam con- 
trolled and exhibited a high discharge:e-beam energy en- 
hancement factor. 

The HgBr2(5 ^2^—A'^I"*-) fluorescence was found to 
be a relatively sensitive function of applied voltage, reflect- 
ing the strong dependence of Xel'Pj) metastable production 
of£/n. Modeling of discharge characteristics indicated that 
HgBr(5 ^2"*") was produced with an efficiency typically in 
the 15-20% range by way of the reaction sequence* 

X<r HgBr, 

e—Xe('/>2) — HgBr(5'2 + |. 

Computed zero-field gain based on the calculated HgBr 
[B^l^] concentration and using a stimulated emission cross 
section of 2.4 X lO^'^cm^ was approximately 0.03 cm~' for 
the conditions of Fig. 2. 

Using an internally mounted optical cavity consisting 
• of a 4.0-m max R mirror and a flat 90% R output coupler, 
the laser pulse shown in Fig. 2 was obtained. The output 
beam imaged the full 1.5 X 1.7-cm discharge cross section 
and was found to be very uniform. Although the onset of 
laser oscillation was delayed. Fig. 2 shows that a uniform 
laser pulse of almost 400-nsec duration was obtained. More- 

over, the instantaneous electrical-optical energy conversion 
efficiency was found to be 2.0%, a level substantially higher 
than that typical of Nj/HgBrj laser mixtures. However, cal- 
culations show that in the absence of appreciable volumetric 
absorption (i.e., for gain/absorption ratios greater than 10) 
laser efficiencies greater than 5% should be attainable for 
these conditions. Both the delayed onset and the apparently 
low optical extraction efficiency are suggestive of a net gain 
lower than the computed value, and/or a relatively high lev- 
el of volumetric absorption. With an HgBr2 concentration in 
excess of 10'^ cm~^, even a low level of surface reactions 
and/or impurities introduced with the HgBr, could result in 
a substantial level of neutral impurities, one or more of 
which may either absorb at the laser wavelength or quench 
HgBr(.ff). Additionally, ionic or excited states of HgBr^ itself 
may absorb in the blue/green region of the spectrum. These 
possibilities are presently being studied in more detail. 

The present investigation has shown that use of Xe as 
the primary energy receptor-transfer species in e-beam-con- 
troUed-discharge-excited HgBr(jB j/HgBrj dissociation la- 
sers permits laser efficiency higher than reported for N2- 
HgBrj mixtures. More importantly, calculations show that 
electrically excited Xe-HgBtj mixtures have the potential 
for development as blue/green sources with efficiencies even 
higher than those measured in the present experiments. 
Modeling of discharge/laser properties for a variety of con- 
ditions suggests that electrical-optical energy conversion ef- 
ficiencies of 5-10% may be possible under optimized 
conditions. 

The authors acknowledge helpful discussions with their 
UTRC collegues L. A. Newman, W. J. Wiegand, and H. H. 
Michels, and also with D. W. Setser. In addition, the expert 
assistance of R. Preisach and L. Bromson is greatly appreci- 
ated. This work was supported by the Naval Ocean Systems 
Center and by the Office of Naval Research. 
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"Experimentation with neon-HgBr, mixtures yielded evidence of a direct 
HgBr|5 ) formation mechanism tentatively identified as electron impact 
dissociative excitation of HgBr,. The magnitude of the rate coefficient for 
this process, which is required to explain the experimental observation of 
HgBr(fi—►A') fluorescence in neon-HgBr, mixtures, suggests that a direct 
electron excitation of HgBr, resulting in HgBr(.S) may also be significant 
reaction in mixtures containing either N, or Xe 
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Kinetic processes in the electrically excited mercuric-bromide dissociation 
laser 

William L. Nighan 
United Technologies Research Center, East Hartford, Connecticut 06108 

(Received 26 September 1979; accepted for publication 19 November 1979) 

This letter reports the results of an analysis of basic kinetic and plasma processes in fast-pulse 
(~ 100 nsec) electric discharges containing mixtures of the mercuric-bromide molecule, HgEr^, 
and N, in a Ne background. Formation of the laser molecule HgBr (B ^2^ *) is shown to occur as a 
result of dissociative excitation transfer following quenching of N^ (A ^I ^) by HgBr-,. 

PACS numbers: 42.55.Hq. 52.20.Hv, 82.30.Eh, 

Excitation of the mercury-bromide B 'I '—►A' '1' laser 
transition at 502 nm has been achieved by dissociative exci- 
tation of the mercuric-bromide molecule HgEr, in an elec- 
tric discharge.'^ Electrical-optical energy conversion effi- 
ciency in the 0.1-1.0% range has been obtained, suggesting 
that for optimized conditions, efficiency in excess of 1 % may 
be achievable. Moreover, the required concentration of 
HgBr2 (~2 Torr) can be produced at a temperature 
(—150 °C) substantially lower than that typical of mercury- 
halide lasers using mercury-vapor-halogen mixtures. In this 
letter basic kinetic processes occurring in this new class of 
mercury-halide lasers will be examined. 

Experimentation' - using fast-pulse (-100 nsec) elec- 
tric discharge excitation indicates an optimum HgBr, frac- 
tional concentration in the 0.2-0.3% range with Ne (or He) 
serving as the buffer gas at a pressure near 1 atm. Addition of 
approximately 2-10% Nj to this mixture has been found to 
improve laser power and efficiency significantly. For this 
reason, analysis of HgBr(5 -I') formation kinetics in the N, 
laser mixture has been emphasized in the present study .Elec- 
tron-N; collision processes are expected to dominate dis- 
charge processes in the HgBr2-N,-Ne mixture because of the 
large Nj: HgBr, concentration ratio, the numerous N^ vi- 
brational and electronic levels having large cross sections, 
and the high-energy threshold for electronic excitation of 
Ne. Indeed, the present calculations of electron energy dis- 
tributions and electron-molecule energy transfer rates for 
the £■/« range typical of the experiments of Refs. 1 and 2 
show that over 95% of the total discharge energy is con- 
sumed by Nj vibrational and electronic excitation in ap- 
proximately equal proportions. Recent measurements have 
shown that the rate coefficient for dissociative excitation 
transfer from N,(/i ^I ^) to HgBr, is large,' and that the 
cross section for direct electron dissociative excitation of 
HgBr, leading to HgBr(5 -I') is small.'^ These findings are 
consistent with the HgBr(£ 'I *) formation sequence illus- 
trated in Fig. 1. 

Figure 1 shows the principal N, states excited directly 
by electron impact on ground state N,. The shaded area re- 
fers to the N,(.S ■-!,-), (a"I, ), (o'/Z^), and (w'AJ group 
of states; and the percentages shown refer to the fractional 
electron energy initially transferred to each state (or group of 
states), computed for the experimental conditions of present 
interest.'" There are numerous HgBr, electronic states in 
the 4—10-eV range.^ In this figure, the regions labeled a-d 

refer to the experimentally determined photoabsorption 
bands of HgBrj.'' Available evidence indicates that only 
states in the b band, and particularly HgBr^C'J' +) and 
Cl *), predissociate to form HgBr(5 'I *). 

Measurements' of N2(.4 ^I ^) quenching by HgBrj 
yield a rate coefficient of 1.0X 10"'° sec' cm' for the forma- 
tion of HgBr(5 'I ^+), and a total quenching coefficient of 
approximately 3.0x 10"'° sec"' cm', indicative of a branch- 
ing ratio of about one-third. However, Fig. 1 shows that only 
10% of the electron energy is transferred directly to 
N,(/l '2" ^). Thus, a primary consideration in analysis of 
HgBr(£ -I *) formation kinetics in the HgBrj/N, system is 
the ultimate redistribution of the large fraction ( — 40%) of 
the discharge energy initially deposited in higher N, elec- 
tronic levels, particularly the coupled 5'77^ and W^A^ 
states which are populated by electron impact and by cas- 
cade from higher levels. Under laser discharge conditions, 
excitation transfer from these states to HgBrj is likely to 
occur in a time less than that required for either electronic 
relaxation to high vibrational levels of N2(^ ^J ^), or for 
vibrational relaxation of the-4 ^I ^ state. Michels^ has car- 
ried out an analysis based on consideration of the energy 
defect corresponding to various Nj -HgBr, collision chan- 
nels, and on correlations of the spin and symmetry of reac- 
tion products. This analysis shows that excitation transfer 
from N2(^ ^I ^) results in the formation of HgBr2('2' ^), 
which correlates diabatically with the HgBr(5 -I*) laser 
state, with some branching to HgBr(^ -77) and HgBr(A' ^I *) 
also probable. This conclusion is consistent with measure- 
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FIG, 1. Simplified energy level diagram illu.siratmg the HgBr(fi 'I') forma- 
tion sequence in electrically excited mixtures of HgBr. and N,. The percent- 
ages shown refer to the fractional electron energy transfer to each state. 

-15 
030173-03S00.50 S  1980 American Institute of Physics 173 



120     160      200     240      280     320 

Time nsec 

FIG. 2. Temporal variations of discharge current density, zero-field gain 
(assuming no lower laser level population), and HgBr(B "X') formation effi- 
ciency computed for a Ne-N,-HgBr; mixture in the proportions 
0.95 : 0.05 : 0.0025 at a pressure of 1.3 aim and conditions otherwise similar 
to the experiments of Ref. 1. 

merits' of N;(/l ^I /) quenching by HgBr,. In contrast to 
this situation, excitation transfer from N2(W^'id„) leads to 
HgBr2CAJ, and subsequently to HgBr {A */7) and 
HgBr(C -//), with no branching to HgBr(5 -I: ). In addi- 
tion, excitation transfer from NjC^ ^Fl^) leads to 
HgBrjCY/j,), which correlates diabatically with the 
HgBr(C ^/7) state, with branching to the A 'fl, B -I \ and 
X -J' states of HgBr also possible. Thus, excitation transfer 
to HgBr; from the coupled B ^11^ and W^A^ states of N, is 
expected to result in states of HgBr, which, for the most part, 
do not dissociate to produce the HgBr(5 'I') laser state. In 
the present analysis, the total rate coefficient for quenching 
ofNjC^ V/^)and N,(W^'^„) was taken to be the same as the 
value measured for NjC^ 'I ;^), but branching to 
HgBr{5 -1') was assumed to be zero. 

Because N; cross sections for vibrational and electronic 
excitation are well known, electron energy distributions and 
related rate coefficients could be calculated reliably for use 
as input in a self-consistent model of the time-dependent 
variation of electron, ion, and excited state processes for con- 
ditions typical of the fast-pulse discharge experiments of 
Refs. 1 and 2. For a Ne-Nj-HgBrj mixture in the proportions 
0.95 : 0.05 : 0.0025 at a pressure of 1.3 atm, the measured' 
E /n value at which breakdown occurred was found to be 
approximately 3x 10"'^ V cm^ subsequently decreasing to 
zero in about 150 nsec. For these conditions the present cal- 
culations show that the dominant contributions to ioniza- 
tion are Penning ionization of Nj and HgBr, by Ne* 
(~50%), direct electron impact ionization of Nj (~35%), 
and direct electron impact ionization of HgBr, (~ \5%)? 
Ionization from the highly populated NjC^ ^1 ^), (5 '77^), 
and {W^A^) states was found to be unimportant, a reflection 
of the relatively high ionization potentials of these excited 
species. This is significant, since cumulative ionization in- 
volving electronically excited species is usually a major con- 
tributor to the occurrence of ionization instability and subse- 
quently, discharge arcing.* 

Presented in Fig. 2 are temporal variations of discharge 
current density, zero-field gain (assuming no lower laser lev- 
el population), and the energy efficiency of HgBr(5 ^1 *) for- 
mation computed for conditions typical of those of Ref 1. 
The HgBr(jB '1') formation efficiency at any point is simply 

the time-inf., i .ited ratio of the energy flow through the 
HgBr(.6 -I „ ) state to the total energy deposited in the dis- 
charge up to that time. Both the peak values and temporal 
evolution of the computed current density and gain are in 
good agreement with measured values.' For the conditions 
of this example HgBr(5 -I *) is produced by way of excitation 
transfer from the N^C/l ^I^) state alone as discussed pre- 
viously, the latter produced by direct electron impact of N,, 
and to a lesser extent by N2(5 '77^)—"NjC^ ^I *) transitions 
resulting from collisions with electrons and N2 molecules. 
The primary loss of HgBr(5 'I *) is due to spontaneous decay 
(-47%), and to collisions with HgBrj (-17%), Ne 
(~ 16%), electrons (~ 13%) and N, (-7%). These pro- 
cesses result in an eflfective upper level lifetime of about 10 
nsec, corresponding to a saturation intensity of approxi- 
mately 175 kW/cm^, which is also in good agreement with 
measured values.' Figure 2 indicates that HgBr(5^2'*) for- 
mation efficiency reaches a maximum level of about 2.0% by 
the end of the pulse. Measured' laser efficiency under these 
conditions is typically 0.5%, a value consistent with an over- 
all optical extraction efficiency of 25%. 

Figure 3 shows the temporal variation of several major 
species corresponding to the conditions of Fig. 2. The con- 
centrations of the K^iA ^I ^ ) and the coupled N,(5 ■'77^,) 
and N;(ff'J, ) states reach very high levels at about the 
time the current density reaches its peak, reflecting the rela- 
tively large \'alues of N, concentration, electron density, and 
e-Nj excitation rate coefficients. These N, states decay rath- 
er slowly, indicative of their rate of quenching by HgBr,, 
which is present in small concentration. In the present model 
the temporal decay of HgBr(£ '1') essentially follows the 
N,(/i ^1 ^) population as shown in the figure. However, vi- 
brational redistribution within the N,(^ ^1 ^) state will oc- 
cur as a function of time, particularly as the pumping de- 
creases (decreasing n^ and E/n). Indeed, both the total 
N2(v4 ^1 ^ ) quenching rate and HgBr, product states may 
actually exhibit a dependence on N,(^ ^2. ~) vibrational lev- 
el, and therefore on time. 

Fractional dissociation of HgBrj reaches a value of ap- 
proximately 10% for the present example, resulting in a sig- 
nificant concentration of HgBr(A' -1 *) by the end of the 

40      80      120     160     200     240 
Time nsec 

FIG. 3. Temporal variation of selected species concentrations correspond- 
ing to the conditions of Fig. 2. 
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pulse. A significant fraction ofHgBriX^J') is initially pro- 
duced in the i = 22 terminal laser level which is apparently 
relaxed rather rapidly by collisions with neutrals. However, 
since the electron density and electron temperature remain 
relatively high throughout the entire pulse, vibrational exci- 
tation of HgBr by electrons may result in a vibrational tem- 
perature well above that typical of the gas temperature. 
Thus, it is probable that lower laser level buildup becomes 
significant at some time prior to the end of the pulse for the 
conditions examined here. 

Although addition of N^ to the Ne-HgBr, mixture re- 
sults in a significant improvement in pulse energy and effi- 
ciency, particularly the former, the HgEr^ dissociation laser 
does operate at an efficiency above 0.1% without Nj in the 
mixture.' The present analysis shows that electron energy 
transfer, ionization, and HgBr(fi 'I *) formation processes 
are completely different in the absence of N,. Calculations 
indicate that in Ne-HgBr^ mixtures, the dominant electron 
energy transfer processes are Ne metastable production fol- 
lowed by Penning ionization of HgBr2, and direct electron 
impact ionization of HgBr,.' Predissociating states of HgBr, 
can be produced either by the ion-ion recombination reac- 
tion, HgBr," + Br" + Ne-^HgBr^ + Br + Ne, or by elec- 
tron-ion recombination, HgBr," + e^-HgBr2. Based on es- 
timates for ion loss rates,'^ the present calculations show that 
ion loss due to electron-ion recombination is 5-10 times larg- 
er than that due to ion-ion recombination. Since numerous 
excited states of HgBr, can be formed by either recombina- 
tion reaction, the branching ratio for HgBr(5 -I') formation 
is not likely to be very high. By assuming a branching ratio of 
0.2 for HgBr(5 '2 *) formation via recombination reactions, 
values of peak gain (- 4% cm"') and HgBr(.fi '1 *) formation 
efficiency (~ 1.75%) were computed for conditions general- 
ly similar to those of Fig. 2. These values are somewhat less 
than those typical of mixtures containing N,, a result consis- 
tent with experimental observations.' However, for similar 
current density levels the total energy deposited in the gas is 
significantly less in the absence of N,, reflecting substantial- 

ly lower £ /n levels typical of Ne-HgBr, mixtures. It should 
also be pointed out that with N, in the mixture, recombina- 
tion reactions are insignificant compared to N2(^ '2" ^) exci- 
tation transfer insofar as HgBr(5 ^I *) formation is 
concerned. 

Although the data base required for comprehensive 
modeling of mercuric-bromide dissociation lasers is far from 
complete, the present analysis shows that available experi- 
mental observations can be interpreted in a self-consistent 
manner for HgBr, laser mixtures containing Nj. Analysis of 
HgBr(£ -1') formation kinetics and discharge characteris- 
tics indicate that the HgBr,/N, system has considerable po- 
tential for efficient scaling to energy levels substantially in 
excess of those reported to date. 
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Cross sections for mercuric bromide (HgBrj) dissociative attachment and ionization have been measured using 
an electron beam experiment. The dominant products of these reactions, as identified by mass analysis, are 
Br" and HgBr^. A complementary electron swarm experiment was used to determine the ion production 
coefficients in a variety of gas mixtures containing HgBr^. The measured ion production coefficients were 
found to be in excellent agreement with the attachment and ionization coefficients computed using the 
measured cross sections. Additionally, analysis of the variations in the measured HgBr, ion production 
coefficients along with measured electron drift velocity variations is found to be consistent with the 
interpretation that vibrational excitation of HgEr^ is dominated by a resonance in the 3-5 eV electron energy 
range for which dissociative attachment is observed to occur. 

I.   INTRODUCTION 

The 502 nm HgBr(B-X) laser is a leading candidate 
for applications requiring an efficient (> \%) visible 
laser capable of generating relatively high average 
power (>100 W).*   Mercuric bromide HgBrj is the 
source of mercurous bromide in this electrically ex- 
cited laser.   Modeling of this laser requires knowledge 
of the low energy electron HgBr2 cross sections for such 
processes as attachment,  ionization,  and vibrational 
and electronic excitation.   In this paper we report the 
results of an experimental and analytical investigation 
directed toward determination of certain of these cross 
sections. 

Two entirely independent, albeit complementary, ex- 
perimental techniques were used in this investigation : 
low energy electron-beam measurements and electron 
swarm measurements.   Section n presents a descrip- 
tion of electron beam measurements of the e-HgBr2 
cross sections for dissociative attachment and for ion- 
ization.   The principal ion products of these reactions, 
as identified by mass analysis, were found to be Br" 
and HgBrJ, respectively.   A complementary electron 
swarm experiment used to determine the corresponding 
electron rate coefficients for attachment and ionization 
is described in Sec. III.   The measured rate coefficients 
were found to be in excellent agreement with those com- 
puted using the e-beam measured cross sections.   In 
addition, measurements of the electron drift velocity in 
rare gas-HgBr2 mixtures were analyzed in order to ob- 
tain information concerning vibrational excitation of 
HgBr2 by electrons.   This analysis showed that the mea- 
sured variations in the electron drift velocity and at- 
tachment coefficient are consistent with the interpreta- 
tion that vibrational excitation of HgBr2 is dominated 
by a resonant excitation process in the 3-5 eV electron 
energy range for which dissociative attachment is also 
observed to occtir. 

II.   ELECTRON BEAM MEASUREMENTS 

A.   Technique 

Refinements to the classic Tate-Smith' electron beam 
method by Rapp and co-workers^"^ have provided an 
abundance of data concerning ionization and attachment 

of numerous atmospheric and rare gases, while addi- 
tional works by Chantry' and by Kurepa et al.,*'^ report 
cross sections for several electronegative species. 

The method consists of firing a magnetically coUi- 
mated electron beam through a nearly electric field- 
free collision chamber containing the subject gas at a 
known concentration.   Ions formed as a result of ioniz- 
ing or attaching collisions are not greatly influenced by 
the applied magnetic field,  and imder the influence of a 
weak transverse electric field are collected on elec- 
trodes located at opposite sides of the collision chamber. 
Due to their small Larmor radii,  scattered electrons 
cannot reach these collectors and are intercepted by the 
chamber end walls.   The remaining beam electrons are 
collected on an electrode located beyond the chamber. 
The cross section Q for the process of interest is com- 
puted from the measured ion current Ij, electron-beam 
current I^,  gas concentration n,  and beam path length L, 
using the simple expression: 

Q =I,/{l,nL) . (1) 

Additional information regarding the ion formation pro- 
cesses is obtained by mass analysis of sampled product 
ions. 

B.   Apparatus 

In the present investigation a beam experiment in the 
Tate-Smith configuration was used, with ion analysis 
provided by a quadrupole mass spectrometer.   The col- 
lision chamber and mass spectrometer were housed in 
a stainless steel vacuum chamber whose 10"' Torr base 
pressure was maintained by a LN2 trapped diffusion 
pump.   The system including the collision chamber and 
spectrometer was superheated to 390 K to preclude the 
possibility of forming secondary HgBr2 reservoirs.   The 
mercuric bromide powder initially was vacuum distilled 
into the primary reservoir where a temperature sta- 
bilized warm water bath controlled the HgBr2 vapor 
pressure" during subsequent data acquisition. 

1.   Collision chamber design 

The collision chamber assembly replaced the com- 
mercial ionizer section on the quadrupole mass spec- 
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FIG. 1.   Schematic illustration of the collision chamber (a), 
and typical voltage profile along the electron beam path (b). 
The voltage profile (b) is representative of a positive ion tune. 
For negative ion observation the polarities of REPL and 
CHAMB are reversed.   Beam energ>-, sweep and RPD pro- 
gramming were keyboard controlled from a DEC PDP   11 
computer which, in conjunction with a Tracer Northern multi- 
channel analyzer, served to process the acquired data.   An 
MKS Baratron capacitive pressure transducer measured the 
pressure at a location intermediate between the reservoir and 
the collision chamber. 

trometer.   The principal features of the chamber design 
are illustrated in Fig. 1 which also shows a typical po- 
tential profile.   The source consisted of a do heated 
thoriated iridium filament FILA, an electron extracting 
electrode EXTR, and a retarding potential difference 
plate RPD.   The EXTR and RPD potentials were refer- 
enced with respect to the center potential of the filament, 
which was swept negatively relative to the collision 
chamber CHAMB to provide a beam of increasingly en- 
ergetic electrons.   Depending on the potential of the 
RPD plate relative to the filament voltage, the beam 
source could be operated as a conventional electron 
source or,  for high resolution measurements in the RPD 
mode, ^'"'^ where the voltage increment was provided on 
alternate electron energy sweeps. 

The electron beam was constrained to a nearly linear 
path in the collision chamber by a field of up to 600 
gauss provided by external electromagnets.   The colli- 
sion chamber proper comprised four electrically iso- 
lated elements:   the chamber piece CHAMB that con- 
tained the beam entrance and exit apertures at a separa- 
tion of 3.34 cm; the repeller REPL that consisted of a 
perforated sidewall backed by a small plenum coupled 
to the reservoir tube; the Lttractor ATTR with its ion 
sampling aperture; and the split guard electrode G that 
minimized leakage currents and defined the 1.10 cm ion 

II 
J. Chem, Rhys., Vol. 77 

collection length of the attractor.   The chamber ele- 
ments were precision formed from 0.25 mm stainless 
steel stock, insulated from each other by shielded 
alumina spacers and, when assembled into the collision 
chamber, constituted an enclosure from which the loss 
of vapor occtirred principally through the beam aper- 
tures.   Finally, the collector electrode COLL was con- 
figured such as to minimize the possibility of reflected 
or secondary electrons returning to the collision cham- 
ber. 

Collision chamber electrode voltages were tuned to 
sustain the potential on the electron beam path within 
the chamber at a level equal to the potential applied to 
the chamber end faces, while a sufficient transverse 
field was maintained between the repeller and attractor/ 
guard electrodes to saturate ion current collection.   To 
permit observation of the ions by the quadrupole spec- 
trometer whose entrance aperture was grounded, the 
chamber voltage was biased typically several volts 
positive or negative depending on the polarity of ions 
imder study.   The attractor and collector currents were 
measured with Keithley electrometers in series with a 
bias battery.   Selectively, the output signals from either 
of the electrometers could be sent to a multichannel 
analyzer/DEC PDP 11 controller system for subsequent 
evaluation of the cross sections. 

Products of the electron-HgBr2 collisions were identi- 
fied by extracting a portion of the attractor-directed ion 
current through an aperture in that electrode.   The 
Electronic Associates Quad 200 Residual Gas Analyzer 
utilized for mass analysis was equipped with a Channel- 
tron 4039 (Ruggedized) ion multiplier that was used in 
the pulse cotmting mode.   Since multiplier gain deter- 
iorated during measurements of HgBr2 fragment ions, 
observation at the lowest feasible chamber pressure and 
sampling current level was required. 

C.   System calibration 

Absolute energ>' scales and magnitudes for the cross 
sections were established by system calibrations em- 
ploying krypton and xenon, whose ionization cross sec- 
tions are well known.*   At the submillitorr pressures 
of these studies, free molecular flow considerations in- 
dicate that while the loss rate of gas from the chamber 
is mass dependent, the ratio of the pressure as mea- 
sured at the Baratron gauge to that existing in the col- 
lision chamber remains species independent. *  To deter- 
mine this ratio, Xe and Kr were separately leaked 
through the reservoir into the chamber to various gauge 
pressures in the 10"'-10'^ Torr range.   The energy de- 
pendence of the measured attractor-to-beam current 
ratio Ui/lg'^Qi) was fotmd to duplicate that measured by 
Rapp and Englander-Golden.^   Using the reported mag- 
nitudes of Qi at 70 eV, the gas density n in the collision 
chamber was computed using Eq. (1).   Comparison of 
this value with that determined from manometer read- 
ings established the apparatus calibration factor of 0.33 
±0.03.   Using this factor,  HgBr2 concentrations in the 
collision chamber were determined from capacitance 
manometer readings and measured temperatures during 
the mercuric bromide measurements. 
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The linear voltage sweep of the electron beam was 
calibrated to an absolute energy scale using current cut- 
off at zero energy and the well-established'^ ionization 
thresholds of Xe and Kr. 

D.   HgBrj ionization cross sections 

The total electron impact cross section for ionization 
of mercuric bromide from threshold to 70 eV was deter- 
mined from measurements using Eq. (1).   Electron 
beam currents in the 10'^ A to low 10"' A range were 
selected to eliminate space charge effects of the source. 
Attractor ion currents were limited to several percent 
of this beam current by setting reservoir temperatures 
to provide chamber densities between 10^^ and lO'^ cm"'. 
Over these ranges of parameters, for all magnetic 
fields above 200 gauss, and for reasonable variations 
in the chamber tune, the measured electron energy de- 
pendence of the HgBr2 ionization cross section was 
repeatable to within ±3% for all electron energies. 

The measured total cross section for ionization of 
HgBr2 is shown in Fig. 2 with tabulated values presented 
In Table 1.   As is typical of many gases, the ionization 
cross section is a generally featureless function of elec- 
tron energy, rising nearly linearly from threshold (10.6 
eV for HgBr2) toward a maximum value at an energy 
above 70 eV.   The measured ionization cross section is 
found to be very large,  reaching a peak of about 2x10''^ 
cm^ at 70 eV.   In contrast to the rare gas calibration 
measurements, the measured /,/7^ ratio and the manom- 
eter readings exhibited considerable random scatter in 
the presence of HgBr2 vapor.   Consideration of the pos- 
sible error in the instrument calibration factor dis- 
cussed earlier (± lO'^c), variations in the ratio of the de- 
tected currents (±12'5c), and the observed scatter in the 
measured pressure readings (±20%) results in an esti- 
mated uncertainty of approximately ±25% for the HgBrj 
ionization cross section. 

There are several correlations between the ionization 
cross section and the electron polarizability of mole- 
cules.'^''^   Consideration of the large value of HgBr2 
polarizability'^ (11.5 A^), in light of these correlations. 

TABLE I.   HgBr2 cross sections for ionization and attachment. 

Energj' (eV) Q,{10-^^cm^) Energy <eV) Qc do-" cm') 

10.62 0 3.1 0 
12.5 0.18 3.2 0.18 
15 0.41 3.3 0.4 
17.5 0.64 3.4 0.7 
20 0.88 3.5 0.9 
22.5 1.09 3.6 0.98 
25 1.23 3.7 1.0 
30 1.44 3.8 0.96 
35 1.58 3.9 0.85 
40 1.7 4.0 0.67 
45 1.79 4.1 0.5 
50 1.85 4.2 0.35 
55 1.91 4.3 0.22 
60 1.95 4.4 0.1 
70 2.0 4.5 0 

FIG. 2 
impact 

suggests a peak HgBr2 ionization cross section in the 
range of 1 to 2x10"'* cm', a value in satisfactory agree- 
ment with the present measurement. 

/.   Partial ionization cross sections 

The simple appearance of the total ionization cross 
section belies the fact that it is a charge-weighted sum- 
mation of a half dozen partial cross sections, each 
having its own threshold and energy dependence.   From 
the mass spectrometer measurements information re- 
garding the energy dependence of these partial cross 
sections was determined.   Ionization processes leading 
to the production of the singly charged ions HgBr2, 
HgBr*, Br*,  and Hg* contribute to the total ionization 
level at low election energies, whereas HgBrI*,  HgBr'*, 
and Br^* formation contribute to the net electron yield 
at high energies.   Placing the partial cross sections on 
a true relative scale was not possible using the present 
beam experiment due to the unknown transmission ef- 
ficiency of the ion extraction optics and the quadrupole 
mass spectrometer over such a broad ion mass range. 
However,  relative abundances of HgBrj.  HgBr*, Br*, 
and Hg* produced by 70 eV electrons impacting on mer- 
curic bromide have been reported."  In the present 
study, these relative ion abundance values were used 
along with the measured cross section shapes to pro- 
vide the approximate partial ion cross section estimates 
shown in Fig. 2. 

E.   HgBrj dissociative attachment 

Operation of the beam experiment with key potentials 
reversed permitted determination of the cross sections 
for negative ion production processes having cross sec- 
tion values in excess of approximately 3x10"'^ cm^. 
The total electron attachment cross section Q„, in HgBr2 
was found to be resonant in character,  consisting of a 
single peak located between 3.1 and 4. 5 eV and centered 
at about 3. 7 eV.   Mass spectrometer analysis revealed 
that the process being observed was dissociative attach- 
ment leading to Br' formation.   The measured electron 

,   Measured total and partial cross sections for electron       energ>' dependence of the attachment cross section is 
ionization of HgBrj. presented in Fig. 3 and Table I.   The peak value of 1 
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FIG. 3.   Dissociative attachment cross section for electrons 
in HgBr2; the negative ion product of this reaction is Br". 

xlO'" cm^ at 3. 7 eV was determined in alternate cali- 
brations of the peak attachment cross section and the 
total ionization cross section at 70 eV.   These dual cali- 
brations were obtained at common HgBr2 reservoir tem- 
peratures over a range of HgBr2 densities varying by a 
factor of 10 and centered at a vapor concentration of 
3x10^^ cm"''.   Owing to uncertainties in the mercuric 
bromide chamber density n and the observed scatter in 
the I,/I, ratio (±20^r) at the less than 10"" A I, current 
levels of these attachment measurements,  the uncer- 
tainty of the peak attachment cross section is estimated 
to be approximately ±30~c. 

III.   ELECTRON SWARM EXPERIMENTS 

A.   Technique 

An electron swarm experiment was used to provide a 
direct measure of the rate coefficients k for production 
or loss of electrons due to ionization or attachment re- 
actions in HgBr2.   This independent technique is com- 
plementary to the electron-beam measurements de- 
scribed in the preceding section, and is especially use- 
ful when the cross section for a particular process has 
a narrow energy width, and/or has a measurable value 
only near zero energy as is frequently the case for at- 
tachment.   In these circumstances the measurement of 
the electron energ>'-weighted cross section (i.e., the 
rate coefficient) can often provide a more accurate mea- 
sure of the effective cross section magnitude than can 
beam measurements which may suffer from resolution 
problems. 

The pulsed swarm technique used in the present 
studies is based on the integral method pioneered by 
Griinberg. ^^   In this approach a burst of electrons is 
introduced into a constant electric field region between 
two parallel electrodes by photoemission from one elec- 
trode using a suitable light source.   When a proper mix- 
ture of the attaching gas and a buffer is present in the 
interelectrode gap, attachment and/or ionization reac- 
tions convert a portion of the rapidly drifting electron 

III- 
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group into much less mobile ions.   The integral of the 
current induced in the external circuit by the motion of 
these electrons and ions has a very distinctive waveform 
which is readily interpreted in terms of the total ion 
production rate.   By judicious selection of mixture com- 
position, conditions can be identified for which either 
ionization or attachment dominates ion production. 
This method with refinements has recently been used in 
the study of attachment reactions in a number of halogen 
bearing molecules.   A review*' of this work by Nygaard, 
Brooks,  and Hunter describes a typical apparatus and 
analysis of experimental waveforms. 

B.   Apparatus 

7.   Measurement cell 

A partial schematic of the swarm experiment used in 
this investigation is shown in Fig. 4.   A spherical glass 
cell was provided with a quartz window permitting in- 
troduction of a UV light pulse, and with a set of identi- 
cal planar electrodes for collection of ions and elec- 
trons.   A vertical closed-end tube attached to the cell 
bottom served as the HgBrs reservoir; a temporary 
glass appendage used to load HgBr2 into the reservoir   . 
by vacuum distillation was later sealed off.   To mini- 
mize reaction with HgBr2, the collection electrodes were 
gold plated and the cell was isolated from gas and vac- 
uum manifolds by a magnetically actuated groimd glass 
valve. 

The buffer gas pressure was measured with a capaci- 
tance manometer separated from the cell by a valve that 
was normally closed to minimize exposure to HgBr,. 
The concentration of mercuric bromide was determined 
from its vapor pressure'" at the reservoir temperature 
which was maintained by an oil bath.   The cell itself 
was electrically shielded by multiple layers of aluminum 
foil wrapped directly on the glass and superheated in a 
separate oven to control gas temperature.   Thermocou- 
ples at three locations on the cell wall indicated a super- 
heat temperature imiformity of better than 5 K at 420 K. 

HIGH VOLTAGE 
POWER SUPPLY 

FIG. 4.   Schematic illustration of the pulsed electron swarm 
experiment and related apparatus. 
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HgBr2 production.   The presence of even very small 
amounts of molecular impurities can have a pronounced 
effect on measured transport properties.   For this rea- 
son mercuric bromide was synthesized by the reaction 
of an excess of bromine (99. 9997c) with mercury 
(99. 99999%) at 60°C and then vacuum distilled three 
times before distillation transfer to the gas reservoir. 
The glass transfer tube was then sealed and this was 
followed by a final vaporization in vacuum. 

Photon source.   The photon source used in these 
studies was an EG&G FX-265 bulb-type xenon flashtube. 
Use of a 0.05 pf low inductance capacitor in the manu- 
facturer's recommended circuit resulted in photoflashes 
of approximately 600 ns duration and of sufficient UV 
yield to provide the 10* photoelectrons required experi- 
mentally: larger quantities of photoelectrons caused 
space charge distortion of the applied electric field. 

2.   Current integrators 

The electrodes were 2.5 cm in diameter and were 
fixed at a separation of 1.5 cm.   Connected to the 
emitting electrode was a well-regulated dc power supply. 
The collecting electrode was connected through either of 
two integrating circuits to a Tektronix transient digi- 
tizer PDP-11 computer combination.   Single pulse or 
average waveforms could be recorded; most of the data 
were obtained by averaging 64 waveforms for signal ' 
noise improvement.   The integration of the electron 
component of this small signal was performed on the 80 
pf net capacitance of a short length of RG58 coaxial 
cable and the input capacitance of the amplifier plug-in. 
Typical electron transit times were several microsec- 
onds during which time a signal of several millivolts 
was developed on this integrator. 

The 80 (iS RC time constant of the fast integrator made 
it unsuitable for observation of the ion component of the 
swarm signal which had a characteristic time scale of 
about 1 ms.   However, the overall behavior of the 
swarm waveform was readily handled using an opera- 
tional amplifier-based integrator with a feedback 
capacitor of 60 pf and a time constant of tens of milli- 
seconds.   Thus,  electron transit times were determined 
from the fast integrator signal and the relative contribu- 
tions of electron and ion components were obtained us- 
ing the second integrator circuit.   Typical integrated 
waveforms for electron and ion currents obtained with 
the transient digitizer (average of 64 waveforms) are 
shown in Fig. 5. 

C.   Analysis of current waveforms 

The pulsed swarm experiment is idealized by consid- 
ering the electrons to move as a sheet between the two 
electrodes under the influence of an applied electric 
field.   At pressures where gas collisions dominate and 
when the electron concentration is sufficiently low to 
avoid space charge effects, the electron drift velocity 
and the electron energy distribution are characterized 
by the gas mixture and the prevailing electric field-to- 
gas density ratio E/n.   When attaching species are 
present in sufficient concentration in the gas mixture, 
and when the value of E/n is sufficient to ensure the 
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FIG. 5.   Typical integrated waveforms for the ion (a) and elec- 
tron (b) currents obtained with the transient digitizer as dis- 
cussed in the text.   The ion transit time i„ and electron transit 
time t. are indicated. 

presence of electrons at energies above the threshold 
for attachment,  conversion of electrons to negative ions 
will take place.*'   Under these conditions,  an exponen- 
tial attenuation of the number of electrons in the sheet 
will occur as it sweeps across the gap.   Left behind will 
be a spatially distributed group of negative ions which 
also slowly drifts toward the collector.   The current 
induced in the external circuit as a result of the motion 
of these charges consists of an initial several micro- 
second electron spike superimposed on a slowly declin- 
ing,  low current component due to the less mobile nega- 
tive ions.   Integration of this induced current waveform 
has two practical benefits.   First, it converts the fast, 
low-level current pulse into an experimentally observ- 
able voltage waveform and secondly, it makes the ex- 
traction of the attachment rate data especially straight- 
forward. 

A typical integrated waveform is displayed in Fig. 
5(a).   The leading edge of a similar waveform is shown 
in Fig. 5(b) on an expanded time scale.   Note that the 
initial rapid rise of the integrated current to a voltage 
level V{tg) ends at the electron transit time /<,.   This 
time corresponds to electrode separation L divided by 
the electron drift velocity i,,^. i.e., 

te = L/v,,. (2) 

A further slow increase in voltage follows until the last 
negative ions reach the collector from their origin near 
the emitter.   At this time, which corresponds to the 
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E/n, Tds 

FIG. 6.   Measured and computed electron drift velocity at 
300 K.   The drift velocity was measured at several pressures 
in the 50—200 Torr range and exhibited no pressure depen- 
dence. 

electrode sepaxation L divided by the negative ion drift 
velocity t'^„, i.e., 

--L/t (3) 

the current integral has attained its saturated value 
F(<»).   Mathematical modeling of the electron and nega- 
tive ion currents and evaluation of their integrals re- 
veals that the attachment rate coefficient k^, the con- 
centration of the attaching gas «„, and the electron 
transit time t^, are related to the observed voltages 
V{t^) and V(«') by the expression^^ 

r(U_l-exp(-fe.n„0 
k,nj. (4) 

Thus, measurement of the two voltages VitJ and y(°^) 
and the electron transit time t^, along with a knowledge 
of «„ permits determination of /?„, the attachment rate 
coefficient.   A more complex expression" for this volt- 
age ratio applies when volume ionization augments the 
number of electrons in the swarm.   However, in the 
limit where ionization greatly exceeds attachment, the 
shape of the integrated current is similar to that asso- 
ciated with attachment and 

F(U_l-exp(-;?,«U 
(5) 

where k^ is the mixture weighted ionization rate coef- 
ficient and n is the total concentration of neutral spe- 
cies.   Experimentally, the onset of ionization is readily 
distinguishable owing to the rapid increase in the satu- 
ration level VC") with increasing E/n. 

D.   Electron drift velocity measurements 

A key factor in the determination of the ion production 
coefficient as described above is accurate determina- 
tion of the electron transit time t^ based on interpreta- 
tion of the leading edge of the integrated current wave- 
form [Fig. 5(b)1.   In order to evaluate the accuracy of 
the present swarm experiment, the electron transit 
time was measured for several gases and mixtures (not 
containing HgBrj) for which the electron drift velocity 
is known or can be computed with high accuracy using 
known cross sections: gas pressure was varied in the 

50-200 Torr range.   The corresponding electron drift 
velocity data so obtained are shown in Fig. 6.   Also 
shown is the drift velocity computed using the expres- 
sion, " 

(2e\^'^E/n fxidf/du , 
(6) 

J. Chem. Phy; 
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in which e and m are the electron charge and mass, E 
is the electric field intensity, w is the total number den- 
sity of neutrals, / is the isotropic component of the 
electron energy distribution function, Q^ is the mixture 
weighted momentum transfer cross section, and u is 
the electron energy expressed in eV.   The electron dis- 
tribution ftmction was determined by numerical solution^" 
of the Boltzmann equation for a uniform medium using 
the known cross sections for Xe," Ne, '^ and Nj."  The 
observed agreement (Fig. 6) between the computed and 
measured drift velocity values in Ne and Xe essentially 
duplicates results reported by others^'-" and is indica- 
tive of the degree to which the present experimental con- 
figuration simulates an infinite, uniform electron drift 
region.   The ability to compute the drift velocity for 
mixtures such as Xe + 0. \% Nj,  for which experimental 

data were not previously available, is more significant 
and provides an effective illustration of how observed 
variations in drift velocity can be interpreted in terms 
of fundamental electron collision processes involving 
both mixture constituents.   For example, the particu- 
larly large increase in the drift velocity upon addition 
of 0. \% N2 to Xe is a consequence both of the Ramsauer 
minimum in the Xe momentum transfer cross section^' 
in the vicinity of 0. 5 eV, and the resonance in the N2 
vibrational cross sections" near 2.0 eV.   For E/n 
values of a few Tds in the Xe + 0. l^c Nj mixture, reso- 
nant vibrational excitation of N2 results in a mean elec- 
tron energy of a few tenths of an eV, an energy for 
which the Xe momentum transfer cross section is at its 
minimum.   Since the drift velocity is inversely propor- 
tional to the momentum transfer cross section [Eq. (6)], 
this results in an imusually large increase in the drift 
velocity even though the N2 fractional concentration is 
only 0.001. i 

Drift velocity in Xe-HgBr2 mixtures.   Detailed mea- 
surements of electron drift velocity in Xe-HgBrj mix- 
tures were carried out for a Xe pressure and tempera- 
ture of 140 Torr and 140 °C, respectively; these values 
specify a Xe neutral number density of about 3x10^* 
cm"^   Data were obtained over a wide range of E/n 
values for three HgBrj reservoir temperatures corre- 
sponding to HgBrj fractional concentrations of 0.067%, 
0.1359c, and 0.25%.   For fixed E/n the change in the 
drift velocity as the HgBrs concentration was increased 
(or decreased) was readily apparent.    Figure 7 presents 
the E/n variation of the measured drift velocity for a 
mixture containing 0.135vc HgBr2.   The error bars in- 
dicated in the figure are primarily the result of the un- 
certainty associated with determination of the electron 
transit time from the integrated current waveforms 
[Fig. 5(b)].   Clearly, the qualitative variation of the 
measured drift velocity in Xe containing 0.135"c HgBrj 
is significantly different from that observed with about 
the same amount of N2 in Xe (Fig. 6).    However, the 
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FIG. 7.   Measured electron drift velocity in Xe at 140 Torr 
and 140 °C contaiiung 0.135% HgBrj.   Also shown is the drift 
velocity computed for this mixture using the cross sections 
shown in Fig. 12 as described in Sec. lU F of the text. 
For comparison the drift velocit)' in Xe (Fig. 6) is also show-n. 

magnitude of the measured change in the drift velocity 
for E/n values of a few Tds is of approximately the 
same order as that observed with 0.19: N2 in Xe.   For 
HgBr2 fractional concentrations higher (lower) than 
0.135% the measured drift velocity variation as com- 
pared to Xe alone was greater (less) than that shown in 
Fig. 7. 

Since the Xe : HgBr2 concentration ratio is approxi- 
mately 10^ for these conditions, and since the momen- 
tum transfer cross section for Xe is relatively large 
even at its minimum value (~ 10"^' cm^), the drift ve- 
locity in Xe-HgBr2 mixtures is not significantly affected 
by e-HgBr2 momentum transfer collisions.   Rather,  as 
is also the case for the Xe-0.1% N2 mixture, the depen- 
dence of the drift velocitj' on HgBr2 concentration re- 
flects changes in the electron distribution function 
caused by low energy electron inelastic collisions with 
HgBr2 [Eq. (6)].   The observed changes in the measured 
drift velocity can be interpreted on the basis of e-HgBr2 
vibrational excitation, a topic to be discussed in a sub- 
sequent section. 

E.   Ion production rate measurements 

/.   Attachment in Xe-HgBrj mixtures 

The electron attachment coefficient for Xe-HgBr2 
mixttires was determined by employing Eq. (4) in con- 
junction with measured drift velocity data (i.e., the 
electron transit time) (Fig. 7) and corresponding mea- 
surements of the voltages V{t^) and ^("o),  [Fig. 5(a)]. 
Measured values of the attachment coefficient so deter- 
mined are presented in Fig. 8.  along with values com- 
puted using the attachment cross section of Fig. 3 and 
the expression,' 

K=(^Y' f' i<fQM)du . (7) 

For the purposes of this and subsequent calculations of 

J. Chem. Phys., Vol. 

k^ the magnitude of the attachment cross section of Fig. 
3 was reduced by 12%, an adjustment well within the 
estimated ± 30% accuracy of the measured cross section. 

The strong dependence of fe„ on E/n at the lower val- 
ues of the latter reflects the interaction of the tail of 
the electron energy distribution and the threshold re- 
gion of the attachment cross section (Fig. 3).   For 
higher E/n values the bulk of the electrons have energies 
of a few eV, the region where Q, peaks (Fig. 3), and 
the attachment coefficient reaches a plateau as indicated. 
Throughout the entire E/n region, the measured and 
compruted attachment coefficients are foimd to be in very 
good agreement up to a value of about 30 Tds for this 
mixture.   Recall, however, that the present measure- 
ment technique is sensitive to the total ion production 
rate, not simply the production of negative ions.   In- 
deed, calculations show that the sharp increase in the 
measvired ion production rate coefficient for an E/n 
value above approximately 35 Tds reflects the onset of 
Xe ionization rather than a change in the nature of the 
production of Br' by way of the attachment reaction. 
Figure 8 shows that the computed value of the Xe* ion 
production coefficient, weighted to accotmt for the 
Xe : HgBr2 concentration ratio, is in excellent agree- 
ment with the observed increase in the measured total 
ion production coefficient for high E/n values.   Com- 
parison of the computed ionization rate coefficients for 
Xe and HgBr2 shows that for this mixture the effect of 
Xe ionization is very much greater than that of HgBr2. 
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FIG. 8.   Measured ion production coefficient for a Xe—0.135% 
HgBr. mixture at a total neutral number density of 3xlo'^ 
cm"' and a temperature of 140 °C.   Also showTi are computed 
rate coefficients for HgBr; attachment k^ and ionization it,- 
along with the Xe ionization coefficient k'j mixture weighted to 
account for the Xe/HgBr, concentration ratio.   The attachment 
coefficient labeled QvB=U was computed neglecting resonant 
vibrational excitation of HgBr, as discussed in the text. 
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2.   lonization in N2-HgBr2 mixtures 

Because of a rather fortuitous combination of circum- 
stances, measurement of the ion production rate coef- 
ficient in N2-HgBr2 mixtures proiddes a means for de- 
termining the HgBr2 ionization rate coefficient rather 
than the attachment rate coefficient.   The reason for 
this can be understood by examination of Fig. 9 showing 
measured values of the total ion production coefficient 
and computed values of both the HgBrj attachment and 
ionization coefficient in an N2-HgBr2 mixture.   Com- 
parison of Figs. 8 and 9 reveals a marked qualitative 
and quantitative difference between the measured ion 
production coefficients and between the computed at- 
tachment coefficients in the N2,^HgBr2 and Xe/HgBr2 
mixtures.   Analysis of the calculated attachment coeffi- 
cients shows that these differences are a reflection of 
important differences in the electron energy- distribution 
functions for the two mixtures.    For E.'yi values below 
about 50 Td in the N2/HgBr2 mixture,  resonant vibra- 
tional excitation of N2 results in a truncated electron 
energT,' distribution function^"'^'' at an energy of about 
2. 0 eV,  a value less than the 3 eV required for HgBr2 
dissociative attachment (Fig. 3).    For this reason,  at 
low E'n values the attachment rate coefficient is very 
much less in the N2/HgBr2 mixture than is the case for 
the Xe,'HgBr2 mixture.   Indeed, the calculated rate co- 
efficients of Fig. 9 indicate that by the time E/n is large 
enough in the N2,''HgBr2 mixt\ire to result in an attach- 
ment coefficient comparable to that of the Xe HgBr2 

2x10" 

5x10' 
400 

E/n,Ids 

FIG. 9.   Measured ion production coefficient for a K2-2':i 
HgBr2 mixture at a total neutral number density of 1. 9x 10'' 
cm"' and a temperature of 170 'C.   Also shown are computed 
rate coefficients for HgBr, attachment k^ and ionization k^ 
along with the N; ionization coefficient };\ mixture weighted to 
account for the N2/HgBr2 concentration ratio. 
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FIG. 10.   Measured ion production coefficient for a Ke-0.2'J 
HgBr, mixture at a total neutral number density of 3xlo'* cm"' 
and a temperature of 140 'C.   Also shown are the computed 
rate coefficients for HgBrj attachment k^ and ionization ^j. 
The attachment coefficient labeled QVR - 0 was computed ne- 
glecting resonant vibrational excitation of HgBrj as discussed 
in the text. 

mixture (~ lO''" s"'cm'), direct ionization of HgBr2 has 
already become the dominant HgBr2 ion production pro- 
cess.   As shown in Fig. 9, ionization of N2 is not sig- 
nificant because of the high N2 ionization potential and 
relatively small ionization cross section.   Thus, for 
this mixture the swarm experiment provides a means 
for determination of the HgBr2 ionization coefficient. 
Examination of Fig. 9 shows that the measured ion pro- 
duction coefficient in this N2/HgBr2 mixture is in very 
good agreement with the computed value of the HgBrj 
ionization rate coefficient, the latter obtained using 
Eq. (7) and the measured ionization cross section of 
Fig. 2. 

3.   Ne-HgBr2 mixtures 

While the HgBr2 attachment coefficient can be deter- 
mined using Xe-HgBr2 mixtures (Fig. 8) and the HgBr2 
ionization coefficient can be determined in N2-HgBr2 
mixtures, both attachment and ionization of HgBr2 are 
found to be important in Ne-HgBr2 mixtures.   Presented 
in Fig. 10 is the measured ion production rate coeffi- 
cient in a Ne-HgBr2 mixture for conditions similar to 
those for Figs, 8 and 9, along with computed values of 
the rate coefficients for attachment and ionization of 
HgBr2.   lonization of Ne is insignificant for these con- 
ditions.   Comparison of the experimental and analytical 
ion production coefficients shows that for this mixture 
attachment is dominant for E/n values below about 3 
Tds and HgBr, ionization dominates for E/n above 5 Tds, 
with both processes contributing to ion production in the 
intermediate E/n regime. 

Because Xe and N2 have thresholds for electronic ex- 
citation which are below the 10. 62 eV ionization poten- 
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tial of HgBr2, and are present in much larger concen- 
trations, the E/n value for which ionization becomes 
important in those mixtures (Figs. 8 and 9) is largely 
determined by the electronic cross sections of Xe and/ 
or Nj.   However, the threshold for electronic excita- 
tion in Ne is well above 10. 62 eV, with the result that 
the E/n value for which HgBr2 ionization becomes im- 
portant in Ne-HgBr2 mixtures is determined in large 
measure by the cross sections for HgBr2 electronic ex- 
citation.   For this reason the E/n variation of the mea- 
sured ion production coefficient in Ne/HgBr2 mixtures 
provides valuable information concerning the magnitude 
of the HgBrj cross sections for electronic excitation. 
Indeed, the HgBr2 electronic cross sections used in the 
computation of fe„ and fe,- for the conditions of Fig. 10 

were inferred on the basis of the present swarm mea- 
surements in conjunction with analysis of the properties 
of electron-beam controlled discharges in Ne-HgBr2 
mixtures. ^^   These latter results will be reported else- 
where. 

F.   Vibrational excitation of HgBrj 

As discussed earlier in connection with Eq. (6) and 
Fig. 7, the electron drift velocity in atomic gases con- 
taining a small amount of a molecular additive is par- 
ticularly sensitive to changes in the electron distribu- 
tion function caused by inelastic electron collisions with 
the molecular species.   Thus, when the qualitative and 
quantitative change in the drift velocity can be mea- 
sured accurately over a wide range of conditions, the 
drift velocity itself can be used as a diagnostic to ob- 
tain information concerning the nature of the inelastic 
electron-molecule collision processes. 21-23 As part of 

>- 
cr 
Z     2 

HgBr(B2j;-*-) + Br(^S)- 

HgBr(x2i: + ) + Br(2p3,2) 

HgBr(A2n) + Br(^S) 

HgBr(x2i; + ) + Br{lS) 

the present study the observed changes in the drift ve- 
locity in Xe containing variable amounts of HgBr2 were 
analyzed in order to investigate electron-HgBr2 inelastic 
collision processes, particularly vibrational excitation. 

Electron cross sections for electronic excitation of 
HgBr2 have been recently inferred in connection with 
HgBr/HgBr2 laser studies.^^'^^  Although the inferred 
electronic cross sections are found to be large (> 10' 
cm^), computation of the electron distribution function 
for the conditions of Fig. 7 using these HgBr2 elec- 
tronic cross sections alone shows that the resultant 
change in the drift velocity is quite a bit less than that 
measured in the present investigation, and that the 
qualitative variation of the drift velocity with E/y\ is 
substantially different from that observed.   Additionally, 
the E/n dependence of the computed attachment coeffi- 
cient in Xe and Ne-HgBrj mixtures differs substantially 
from measured values.   Considering that the mean elec- 
tron energy is approximately one eV for these condi- 
tions, the most probable explanation for such discrepan- 
cies is the effect on the electron energy distribution of 
low energ>' electron collision processes, particularly 
HgBrj vibrational excitation. 

1.   Resonant e-HgBr^ vibrational excitation 

The large body of evidence concerning electron vibra- 
tional excitation of molecules indicates that vibrational 
excitation is often likely to proceed by way of resonant 

III- 
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R (HgBr-Br) 

FIG. 11. Illustration showing representative HgBr*" potential 
energy- curves. The two exit channels corresponding to HgBr2 
vibrational excitation and attachment following resonant exci- 
tation of the lowest energj' HgBr;*" state are illustrated. Dis- 
sociative attachment cannot occur unless the attached electron 
survives until the critical separation distance R^ is reached. 

electron capture by the molecule.^''^'''      The intermedi- 
ate resonant molecular negative ion state so formed 
subsequently decays through a number of exit channels 
resulting principally in vibrational excitation and dis- 
sociative attachment in those situations for which a 
stable negative ion can be formed.   For this reason our 
observation of a resonant character in the HgBr2 cross 
section for dissociative attachment provides a very 
valuable clue to the occurrence of resonant vibrational 
excitation of HgBr2. 

Figure 11 shows that the observation of a resonance 
in the attachment cross section in the 3-5 eV range is 
consistent with HgBr*' states likely to be formed^''" 
from HgBr and Br'.   This figure illustrates the two 
HgBr*' states that correlate with HgBrlB^S*) and 

HgBr(A^n), respectively.   Although it has been sug- 
gested^" that the primary neutral fragment of HgBr2 
dissociative attachment is HgBr(B^2*), interpretation 
of the HgBr(B->X) fluorescence characteristics in elec- 
tron-beam controlled discharges^'' indicates that the 
dominant neutral fragment is HgBr(A,X).   Thus, it 
seems likely that excitation of the lower energy HgBr2" 
state indicated in Fig. 11 dominates resonant electron 
capture, i.e., 

e + HgBrj-HgBr*"-HgBrU ^n) + Br' 
(o) 

- 'RgBr^iv) +e . 

On the basis of the preceding arguments trial cross 
sections for resonant HgBr2 vibrational excitation were 
constructed for use in solution of the Boltzmann equa- 
tion for the conditions of Figs.  7,  8,  and 10 following 
the usual iterative procedure.^^'^'   These trial cross 
sections were adjusted until satisfactory agreement be- 
tween the measured and computed electron drift velocity 
and attachment coefficient was obtained.   The computed 
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FIG. 12.   Inferred cross sections for vibrational excitation of 
HgBr2 by direct processes Qyj-, having an energj- loss of 0.035 
eV, and by resonant excitation, Qyn, with an effective energy- 
loss taken to be 0.25 eV.   The measured cross section for 
dissociative attachment (Fig. 3) is also shown for comparison. 

curves shown in Figs.  7, 8, and 10 are the result of 
this procedure and the cross sections used in the calcu- 
lation are presented in Fig. 12.   The effective electron 
energy loss used in conjunction with the resonant vibra- 
tional cross section, QVRI shown in Fig. 12 was 0.25 
eV.   Thus, the effective energy loss-cross section 
pioduct of approximately 10"'^ cm^eV is intended to re- 
flect the combined effect of excitation of a great many 
HgBr2 vibrational levels. 

Figures 8 and 10 show that the strong increase in the 
computed attachment coefficient as E/n is increased is 
particularly sensitive to the nature of QVR-   These fig- 
ures show that tor the lower E/n values the attachment 
coefficient computed using all HgBr2 cross sections 
except QVR is a factor of two-to-three times higher than 
the measured values of the ion production coefficients. 
However, inclusion of the cross section Qyj, in the cal- 
culation depresses the tail of the electron energy dis- 
tribution in the threshold region of the attachment cross 
section,  significantly affecting the E/n variation of the 
attachment coefficient. 

2.   Direct vibrational excitation 

Calculations show that the computed electron drift 
velocity in the Xe-HgBr2 mixture of Fig.  7 is sensitive 
to the resonant portion of the vibrational cross section 
QVR in the 1.0-7. 0 Td E/n range.   Below about 1 Td 
QVR ha-S very little effect on the drift velocity.   Thus, in 
order to account for the observed distinctive drift ve- 
locity variation in Xe-HgBr2 mixture for E/n below 1 Td 
(Fig.  7),  a low energy electron HgBr2 inelastic process, 
assumed to be direct (i.e., nonresonant) vibrational ex- 
citation, was taken into account. 

Only the fundamental bending and asymmetric stretch 
modes'' of HgBr2, having excitation energies of 0. 005 

III- 
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and 0.035 eV, have transition dipole moments.   Thus, 
assuming that electric dipole scattering dominates non- 
resonant vibrational excitation, only these modes are 
expected to have appreciable cross sections for electron 
energy well above threshold.   However, calculations 
show that even the lowest E/n values of the present ex- 
periment correspond to mean electron energies very 
much higher than the 0.035 eV threshold of the asym- 
metric stretch mode.   For this reason the present ex- 
perimental data do not permit separation of direct vi- 
brational excitation into its various components (nor is 
it possible to determine the influence of rotational and/ 
or elastic energy loss).   Therefore, a single cross sec- 
tion QvD was used for analysis of the low E/n drift ve- 
locity data, having a threshold of 0. 035 eV and the en- 
ergy variation shown in Fig. 12.   The magnitude of this 
cross section was adjusted imtil satisfactory agreement 
between the measured and computed drift velocity data 
for low E/n values in Xe-HgBr2 mixtures was obtained 
(Fig.  7). 

IV.  SUMMARY 

In this investigation an electron beam exf)eriment has 
been used to measure the cross sections for HgBr2 dis- 
sociative attachment and ionization to an accuracy esti- 
mated to be ±259c.   The dominant ion products of these 
reactions have been determined from mass analysis to 
be Br" and HgBr2.   Measurement of the total positive 
and negative ion production coefficients in several gas 
mixtures containing HgBrj using an electron swarm ex- 
periment has revealed dramatic differences in the na- 
ture of HgBr2 related ion production processes (Figs. 
8-10).   Detailed analysis shows that the observed sen- 
sitivity of HgBr2 ion production to the nature of the back- 
ground gas is a manifestation of a sensitivity to the elec- 
tron energy distribution.   The sensitivity to the electron 
distribution function arises from the facts that the en- 
ergy thresholds for HgBr2 attachment and ionization are 
relatively high and low, respectively; and the electron 
cross sections for both processes are relatively large. 

Very good agreement between measured and computed 
attachment coefficients is obtained over a wide range of 
E/n values and mixture conditions if vibrational excita- 
tion of HgBr2 is taken into accoimt.   Indeed, the best 
agreement between measured and computed attachment 
coefficients and electron drift velocity data is obtained 
if it is assumed that vibrational excitation of HgBr2 is 
dominated by a resonant excitation process in the 3-5 
eV electron energy range for which dissociative attach- 
ment is also observed to occur.   On the basis of this 
interpretation an effective cross section for resonant 
vibrational excitation of HgBrj has been determined by 
iterative solution of the Boltzmann equation for the con- 
ditions of the present experiments.   The cross section 
so determined is assigned an energy loss of 0.25 eV so 
that the inferred peak cross section-energy loss product 
of approximately IxlO''^ cm^eV represents the com- 
bined effect of excitation of a great many HgBr2 vibra- 
tional levels.   The computed attachment coefficients and 
drift velocities are not unduly sensitive to specific de- 
tails of either the magnitude of the vibrational cross 
section so inferred or the effective energy loss, so long 

27 
, No. 7, 1 October 1982 



3452 Nighan, Hinchen, and Wiegand: Electron collision phenomena 

as the energy loss-cross section product is about 10''^ 
cm^ eV and the effective cross section has an energy 
width of approximately 1-2 eV centered in the 3-4 eV 
range.   In this connection it is important to re-empha- 
size that only the cross sections for attachment and ion- 
ization of HgBrj have been measured.   The present in- 
ference of resonant vibrational excitation, although con- 
sistent with the experimental observations of this inves - 
tigation, should be considered provisional pending actual 
measurement of e-HgBrj cross sections for vibrational 
excitation. 
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I. Introduction 

Electrically excited rare-gas halide lasers and their closely related mercury 
halide counterparts are leading candidates for the development of efficient, 
high energy optical sources in the UV and visible regions of the spectrum 
(Rokni and Jacob, 1982; Burnham and Schimitschek. 1981), The plasma 
medium typical of these lasers is created in a near atmospheric pressure gas 
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mixture containing a small (<l°'o) fractional concentration of a halogen- 
bearing molecule. Pulsed electrical excitation is provided by either a fast- 
pulse I < 100-ns duration), avalanche-type electric discharge, a beam of high 
intensity relativistic electrons, or an electron-beam stabilized electric dis- 
charge (Brau, 1979). In this chapter attention is focused on the latter ex- 
citation method: i.e.. e-beam stabilized laser discharges, with particular 
emphasis on the properties of the ionized medium so created. 

Electron-beam controlled discharge excitation provides selective (i.e.. 
efficient) excitation of the working species, along with a degree of scalability 
that is not typical of avalanche discharges. In addition, there often results a 
significant reduction in the technology problems encountered when pure 
electron-beam pumping is utilized. Moreover, the e-beam controlled dis- 
charge excitation method is capable of generating high pressure, collision 
dominated glow discharges having exceptional diagnostic value. Thus such 
discharges provide a rich source of fundamental information difficult to 
obtain by other means. In Section II of this chapter the essential features of 
e-beam controlled discharges of the type common to rare-gas and mercury 
halide lasers are outlined. In addition, certain constraining factors that 
determine the range of accessible parameter space are considered in general 
terms as a prelude to more detailed discussion of the application of e- 
beam controlled discharges to xenon chloride and mercury bromide laser 
excitation. 

Of the several rare-gas and mercury halide lasers under investigation, 
the XeCl(B -> X) laser operating at 308 nm and the HgBr(B -► X) laser at 
502 nm have demonstrated unusual potential for a variety of applications 
(see. for example. Burnham and Schimitschek. 1981). These lasers also repre- 
sent excellent contrasting examples of lasers excited in e-beam controlled 
discharges. The general characteristics of these lasers are presented in 
Section III along with a discussion of several unique features that set the 
XeCl and HgBr laser apart from others in this class. Since a primary purpose 
of this contribution is to elucidate the characteristics of the plasma medium 
typical of optimum laser performance, the dominant excited state and ionic 
processes occurring in XeCl and HgBr laser discharges are discussed in 
detail in Section IV. Particular emphasis is placed on analysis of the factors 
influencing the concentrations of excited and ionic species and their influence 
on laser discharge properties. The accompanying discussion is presented 
within a framework intended to show the great progress that has re- 
cently been made in the understanding of the high pressure glow dis- 
charges common to electronic transition lasers, while at the same time 
indicating those areas requiring improvement in both basic data and 
understanding. 
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Fig. 1. Schematic illustration of the experimental arrangement common to e-beam con- 
trolled laser discharges. The cross-sectional area of the discharge region is typical!) in the 1- 
100 cm" range and the discharge length in the optical direction is typicalh on the order of 1 m. 
dimensions corresponding to active volumes in the 0.1-10.0 liter range. 

II. Electron-Beam Controlled Discharges 

The electron-beam controlled^ discharge technique was first devised and 
implemented about a decade ago as a means to overcome thermal instabilit\ 
in large volume, high energy CO2 laser discharges. A comprehensive article 
on this subject by Daugherty (1976) provides a particularly informative 
survey of the background and early research leading to the successful devel- 
opment of the first high pressure, e-beam ionized glow discharges. Figure 1 
illustrates the general features of the experimental arrangement common to 
such discharges. Ideally, ionization of the laser gas mixture is pro\ided by 
uniform irradiation of the active volume by a large area electron beam. The 
physics of the resulting ionization excitation process has been studied ex- 
tensively in recent years (Elliott and Greene. 1976). Such an e-beam produced 
plasma has an electron temperature well below that required for regenera- 
tive or self-sustained ionization. The electron temperature is elevated to the 
level required for efficient excitation of the medium by application of a 
uniform electric field, as indicated in Fig. 1. Since the electron temperature 

' The terms "electron-beam controlled discharge." "electron-beam sustained discharge." 
and "e-beam ionizer-sustainer discharge" are used interchangeably throughout the literature to 
describe discharges for which the ebeam is used as a source of ionization for an electric discharge 
having an electric field below that required for avalanching or self-sustained operation 
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needed for efficient excitation of the working species is below that required 
for self-sustained operation, this method results in a decoupling of the 
electron production process from the electric field. For this reason a host of 
plasma instabilities can often be eliminated or their effects greatly reduced 
(Nighan. 1977a,b). Indeed, this technique has proven successful as a means 
of producing uniform glow discharges in large volumes (> 1 liter) over a 
continuous range of pressures from a few tenths to several atmospheres. 
thereby advancing the state of the art in a very substantial way. 

A. Application to Electronic Transition Lasers 

The basic motivation underlying application of the e-beam controlled 
discharge technique to electronic transition lasers is the same as that for 
CO, lasers, i.e.. creation of scalable, high pressure glow discharges. There 
the similarity ends, however. Because the COj laser operates on relatively 
low energy vibrational transitions, the optimum electron temperature is 
always very much less than that required for self-sustained or regenerative 
operation. For this same reason the concentration of electronically excited 
species remains very low. and multistep ionization is unimportant. Thus in 
CO2 lasers there are no significant ionization mechanisms other than those 
provided directly (or indirectly) by the e beam. By way of contrast. UV 
and or visible lasers require efficient excitation of electronic levels very close 
to the ionization limit, i.e.. a high electron temperature is required for 
efficient excitation. Additionally, large fractional concentrations of easily 
ionized excited species are invariably present, with the result that multistep 
ionization is usually significant and often dominant. Thus e-beam controlled 
electronic transition laser discharges are marginally stable at best, and 
utilization of this technique for electronic transition laser applications is 
confined to a relatively limited range of parameter space. 

1. Electron Production and Loss 

For a spatialh uniform, collision-dominated plasma medium typical of 
e-beam sustained electronic transition laser discharges, the electron con- 
servation equation may be expressed in the following illustrative form: 

en, a = )iS,b + nMSE N] + n,n*kt{EN) + ■ ■■ - n.nk^iE'N) -■ ■■.    (1) 

In this equation, in which only the processes usually dominant in rare-gas, 
mercury halide lasers are indicated, n,, n*. and n are the number densities 
of electrons, electronically excited species (e.g.. metastable atoms), and 
neutrals, respectively: k;{E;\), kf{EfN), and k^{E N) are the mixture weighted 
rate coefficients for ionization from the ground state, for excited state ion- 
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Fig. 2. £ .V variation of the electron 
production and loss terms for quasisteady 
conditions representatixe of e-beam con- 
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ization. and for attachment, respectively; and S^t, is the rate of electron 
production due to the e beam. Penning ionization. electron-ion recombina- 
tion, and negative ion detachment, although frequently important, have 
been omitted for the sake of clarity. As will be shown subsequently, it is 
often possible to obtain quasisteady conditions such that the temporal 
derivative on the left-hand side of Eq. (1) is small compared to the elecfon 
production and loss terms. In this circumstance it is instructional to plot 
the various contributions to electron production (loss) as a function of E/N. 
Presented in Fig. 2 is an illustration of the E \ variation of electron pro- 
duction and loss terms under quasisteady conditions that are typical of 
e-beam controlled rare-gas-mercury halide laser discharges. This figure 
indicates that for low values of £ A', ionization resulting from discharge 
processes* is very small compared to that of the e beam (Region A). That is. 
as a consequence of the low electron temperature, ionization from the 
ground state is insignificant and excited state production is so low that 
multistep ionization is not important. In this low £ .V regime the rate of 
electron production due to the e-beam electrons balances the rate of elec- 
tron loss, the latter process usually dominated by halogen dissociative 
attachment (Chantry. 19821. Under these circumstances the discharge is 
truly electron-beam controlled and behaves much like a CO- laser discharge 
under otherwise similar conditions. Unfortunately, in this regime it usually 
is not possible to efficiently produce electronicall) excited species in the 
required numbers. Efficient excited state production requires that £ .V 
(electron temperature) be increased, and along with such an increase there 

' Ionization processes other than the e-beam contribution in Eq. (ll. 
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occurs a rapid increase in both direct ionization of neutrals from their 
ground states, and multistep ionization involving the electronically excited 
species participating in laser molecule formation. Under these circumstances 
discharge ionization processes become increasingly important, indeed com- 
parable to the ionization produced by the e beam (Region B). Ultimately, 
an £/A' value is reached above which the ionization process is no longer 
stable. Region C (Nighan. 1978a; Brown and Nighan. 1978; Long, 1979; 
Haas, 1982: Rokni and Jacob, 1982). Thus for e-beam ionized electronic 
transition laser discharges there exists a relatively narrow £/A' '-window," 
bounded at low £/A'"s by a region of insufficient pumping intensity and at 
high £ -Vs by discharge ionization instability. Optimum laser conditions 
are usually found to exist within the high £/N portion of the stable range, 
for which ionization by the e beam may be the largest single source of 
ionization. but for which the aggregate effect of discharge ionization mech- 
anisms is comparable to or even larger than electron production due to 
the e beam alone. 

In spite of the constraints discussed earlier, conditions can usually be 
found such that the generation of spatially and temporally uniform laser 
discharges becomes possible. Presented in Fig. 3 are voltage and current 
profiles representative of an e-beam controlled mercury bromide laser dis- 
charge at a pressure of 2.0 atm. This figure shows that following an initial 
transient during which the applied discharge voltage rises, there results a 
highly uniform discharge having a duration of almost 1 /^s. as evidenced by 
the essentially constant values of voltage and current. Since characteristic 
colhsion times are typically less than 0.1 ^s for such conditions, analysis 
shows that kinetic processes in the plasma medium are essentially quasi- 
steady throughout the discharge pulse, as suggested by the trend exhibited 

Time (200 ns/div) 

Fig. 3.   Representative voltage-current characteristics for an e-beam controlled mercurx 
bromide laser discharge; (a) voltage, (b) current. 
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by the V-1 characteristics shown in the figure. Analysis of such a medium 
has proven invaluable as a tool to identify the mechanisms controlling both 
discharge and laser operation (Nighan, 1978a; Rokni et al., 1978). 

III. Rare-Gas Halide and Mercury Halide Lasers 

Because of their high efficiency (l-10°o) and scalability, electrically ex- 
cited rare-gas and mercury halide lasers have been the subject of intensi\e 
investigation in recent years. The characteristics and performance features 
of rare-gas halide lasers are treated in detail in the contribution to this 
volume by Rokni and Jacob (1982). Of the several members comprising this 
class of lasers, the XeCl (308 nm) laser using HCl as a halogen donor, and 
the HgBr (502 nm) laser utilizing dissociative excitation of the mercuric 
bromide molecule (HgBr,) have unusual promise for many applications 
(Burnham and Schimitschek. 1981). The primary reasons for the success of 
these lasers are favorable absorption characteristics permitting high optical 
extraction efficiency, combined with relatively minor volumetric and or 
surface chemistry problems. These attributes are due in large measure to 
the use of HCl (Champagne. 1978) and HgBr, (Schimitschek et al. 1977; 
Schimitschek and Celto. 1978) as the respective halogen donors in XeCl and 
HgBr lasers. Indeed, the XeCl laser (McKee et al, 1980; Gower et al. 1980; 
Miller et al. 1979) and the H.^Br HgEr, laser (Celto and Schimitschek. 
1982) have demonstrated lifetime characteristics setting them apart from 
others of this general class. 

In this section the basic kinetic sequences operative in e-beam ionized 
XeCl(B-^X) and HgBr(B->X) laser discharges will be briefly outlined, 
emphasizing certain unique features characteristic of HCl and HgBr,. 
Specifics of the XeCl and HgBr laser media will be discussed in Section IV. 

A. XeCl{B-* X) Laser Discharges 

Although one of the first rare-gas halide lasers to exhibit oscillation, 
efficient XeCl laser operation was not achieved until HCl was used as the 
halogen donor. The reduction in absorption at the laser wavelength ac- 
companying use of HCl in Xe-Ne mixtures resulted in the achievement of 
electrical-optical energy conversion efficiency in the 6-7% range using pure 
electron-beam excitation (Champagne, 1978). and in the 2-3% range using 
either the e-beam ionized discharge method of primary interest here (Nighan 
and Brown, 1980) or fast-pulse discharge excitation. 
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Xe(s) Xe(p) 

•t 
Xe+- "A 

Cl~ - f -»XeCI(B) 
5-20% 

formation 
efficiency 

HCI(v)     

Fig. 4. Sequence diagram showing the dominani processe> in the XeCKBl formation chain 
in discharge excited Ne-Xe-HCi mixtures. [From Nighan and Brown (1980).] 

The sequence diagram of Fig. 4 illustrates the dominant features of the 
XeCl formation chain in discharge excited lasers. Under optimum condi- 
tions, calculations show that electron energy transfer is dominated by Xe 
metastable atom production and by subsequent excitation of metastable 
atoms to the higher lying manifold of Xe 6p states (Nighan and Brown. 
1980). Production of the ion Xe* then proceeds by way of electron impact 
ionization of both Xe metastable (6s) and p-state atoms. As indicated in the 
figure, the Cr negative ion is produced by dissociative attachment to 
vibrationally excited HCl and subsequently recombines with Xe* in a three- 
body reaction resulting in formation of the laser molecule XeCl(B). Thus 
XeCl(B) is produced by way of an io)i-recomhination channel with an effi- 
ciency in the 5-20°o range, depending on specific conditions. 

1.  Vihrationa! Excitation and Dissociative 
Attachment to HCl 

There are several important features, only recently understood, that set 
HCl apart from the halogen donors used in other rare-gas halide lasers. 
Unlike most chlorine donors, formation of XeCl(B) by way of Xe(^P2)-HCl 
reactions is slightly endothermic at 300 K. reflecting the large 4.45-eV HCl 
bond energy. Although Xe(^Pi,^Po,'Pi)-HCl reactions or Xe(^P2)- 
HC1(!>1) reactions are energetically capable of XeCl(B) formation, 
available evidence indicates that such reactions are dominated almost en- 
tirely by the dissociation of HCl rather than by XeCl(B) formation^ (Kolts 
et a/.. 1979, Wren and Setser, 1981).Thus it can be concluded with reasonable 
certainty that Xe* quenching by HCl is not a major XeCl(B) formation 
process in discharge excited lasers. Additionally, initial evaluation of the 
role of HCl attachment indicated that formation of Cl" at a rate sufficient 
for XeCl(B) formation by way of the Xe^-Cl" recombination channel was 
not possible. This conclusion was based largely on the relatively small 

' Recent measurements by Chang (1981) indicate that quenching of Xo^Pjl by HCl(f = li 
results in XeCKB) formation with a branching fraction of about one-third. 
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Fig. 5. Rate coefficients for vibrational 
excitation and dissociative attachment for 
HCl in the ground vibrational state, computed 
for a Ne(0.989)-Xe(0.01)-HCl(O.OOI| laser 
mixture. The shaded region is indicative of 
the magnitude of the effectiie rate coefficient 
for attachment to vibrationally excited HCl. 
[From Nighan and Brown (19S0l.] 
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Cr/HCl cross section measured by Azria et at. (1974) and by others as well. 
However. HCi has an unusually large cross section for vibrational excitation 
(Rohr and Linder, 1976), a circumstance resulting in a very large fractional 
concentration of vibrationally excited HCl under XeC! laser discharge con- 
ditions. By considering this factor in an analysis of experimental data 
obtained using a variety of HCl-containing mixtures excited in e-beam 
controlled discharges. Nighan and Brown (1980) concluded that vibrational 
excitation of HCl resulted in more than an order-of-magnitude increase in 
Cr production over that to be expected from HCl in its ground vibrational 
state. This finding was subsequently confirmed by measurements of the 
threshold values of the cross sections for Cr/HCl(i = 1.2) (Allan and 
Wong. 1981). Thus vibrational excitation of HCl has been found to be a 
fundamental process in XeCl lasers, acting as a precursor to production of 
cr by way of dissociative attachment. 

Presented in Fig. 5 are the rate coefficients for excitation of HCl from 
the ground state to the first vibrational level and for the CP/HCl (r = 0) 
dissociative attachment reaction, as computed for a Ne-Xe-HCl laser mix- 
ture. The measurements of Rohr and Linder (1976) indicate that the i = 
0 -» 2 and c = 0 ^ 3 transitions in HCl have cross sections very much smaller 
than the t = 0 ->• 1 transition. Thus multiquantum vibrational transitions 
are unlikely to be important, and the rate coefficient for the i = 0 ->• 1 
transition shown in Fig. 5 is probably representative of single-quantum 
transitions involving higher HCl vibrational levels as well. On this basis 
Nighan and Brown (1980) have modeled XeCl e-beam controlled laser dis- 
charges and. based on analysis of laser/discharge characteristics, have inferred 
an ejfeake* rate coefficient for the reaction Cr/HCl(r), the magnitude of 

' The effective attachment coefficient used here relers to the average over all HCl vibrational 
levels, i.e../cjeff) = [HCl] -'XHCl(r)/^,(i■). 
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which is indicated by the shaded region of Fig. 5. Although the energy 
variation of the attachment cross sections for individual HCl vibrationa! 
levels are not yet known, Allan and Wong (1981) have observed an ex- 
ceptionally strong dependence of the Cr/HCl attachment process on tem- 
perature and have inferred a{v = 1) ad' = 0| and a{i = 2),(T(r = 0) ratios of 
approximately 38 and 880. respectively, at the energies corresponding to 
the thresholds for each attachment process. Numerical experimentation has 
shown that this finding is quantitatively consistent with the interpretation 
of Nighan and Brown (1980). Thus, there is ample evidence that HCl is 
unique among the rare-gas halide laser halogen donors, exhibiting relatively 
weak attachment until vibrationally excited, a characteristic impacting sig- 
nificantly on both discharge and laser properties. 

B. HgBr(B-*X)IHgBr-^ Dissociation Laser Discharges 

The closely related mercury halide lasers HgBriB -«• X) and HgCl(B -► X) 
exhibited relatively efficient laser oscillation shortly after rare-gas halide 
oscillation was demonstrated (Parks. 1977a.b). Initially the HgBr laser was 
excited using mixtures containing mercury and various bromine compounds. 
However, practical problems encountered at the high temperatures needed 
to produce the required concentration of Hg are formidable. Additionally, 
the leaciion sequence typical of such rrixtures is noncyclic. resulting in 
significant temporal changes in mixture composition. These factors sig- 
nificantly retarded progress in HgBr(B -> X) laser development. However. 
Schimitschek and Celto (1978. 1980| demonstrated that dissociative exci- 
tation of the mercuric bromide molecule (HgBrj) resulted in relatively 
efficient HgBr(Bl formation. Moreover, the required concentrations of HgBr, 
can be obtained at temperatures of less than 2(X) C. Additionally, repetitive 
pulsing and related discharge lifetime tests demonstrated that volumetric 
and surface chemistry problems associated with the use of HgBr, are 
relatively minor compared to those encountered using mixtures containing 
mercury and bromine compounds, and that the HgBr(B),HgBr2 reaction 
sequence is cyclical. For these reasons use of a molecular species comprising 
the mercury halide molecule itself represented a significant step toward 
development of a practical visible wavelength laser. 

\. HgBr2 Dissociative Excitation 

Efficient 502-nm HgBr(B-»X) oscillation has been demonstrated using 
a variety of discharge excited mixtures containing 0.2-1.0"o HgBrj (Schi- 
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mitschek and Celto. 1980; Brown and Nighan, 1980; Burnham and 
Schimitschek, 1981). Analysis of discharge and laser properties shows that 
with either neon or argon as the buffer gas. HgBr(B) is produced as a con- 
sequence of electron impact dissociative excitation of HgBr2 (McGeoch 
et al, 1982; Brown and Nighan; 1980). Additionally, with a few percent Nj 
or Xe added to the mixture, HgBr(B) is also formed as a result of reactive 
quenching by HgBrj of either NaCA^I^ ) and higher energy Nt states 
(Nighan. 1980; Dreiling and Setser, 1980) or of Xel^Pj) (Brown and Nighan, 
1980; Chang and Burnham. 1980). Calculations indicate that with an energy 
transfer species such as Nj or Xe in the mixture, direct electron impact 
excitation of HgBrj and excitation transfer reactions contribute to HgBr(B) 
formation in approximately equal proportions. In any case, regardless of 
the specific discharge excitation technique or the gas mixture, HgBr(B) is 
produced by way of dissociative excitation reactions, in contrast the ion-ion 
recombination reaction dominating XeCl(B) formation in XeCl lasers. 

The dominant processes in the HgBr(B -► X) laser are illustrated in Fig. 6. 
There is a large number of HgBrj electronic states between threshold at 
about 4.5 eV and the 10.62-eV ionization limit. However, only excitation of 
the predissociating ^I* (or 'Z„^) state of HgBrj results in HgBr(B) formation, 
as indicated in the figure (Wadt. 1980). The large Franck-Condon shift 
between the B and X states of HgBr is such that the laser transitions terminate 
on high vibrational levels of the X state. These levels are rapidly deactivated 
by collisions with the background gas (Helvajian and Wittig. 1981). thereby 
permitting efficient optical extraction as is the case for the rare-gas halide 
excimers such as XeCl. Following laser oscillation the HgBr(X) state re- 
combines with Br atoms to reform HgBrj. the final step in a reaction sequence 

Br 

6 - 

eV   4 - 

0«- 

e or M' 

HgBr ■)■ Br 'f M 

HgBr HgBr2 

Fig. 6. Sequence diagram illustrating the dominant steps in the HgBr(Bl formation 
sequence in the HgBr, dissociation laser. Both electrons (e) and certain excited species (M*) 
can excite the ^ 'IJ states of HgBr; that predissociate to form HgBr(Bj. In addition, HgBr; 
states are excited which do not yield HgBr(B) upon predissociation. 
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-N2 mixture 
E/N = 2.0(-16)Vcm' 

4 8        12       16 
Electron energy (eV) 

10" 

-10" 

10" 

EG 
JO" 

Fig. 7. Computed eleclron-energy distri- 
butions m Ne-HgBr, mixtures containing 
either 10"„ Nj or 10°,. Xe. Also shown are 
the cross sections for HgBr, dissociative 
attachment and ionization. [From Wiegand 
and Boedeker (19821.] 

that appears to be nearly completely reversible under carefully controlled 
conditions (Burnham and Schimitschek, 1981). 

2. Ionization and Dissociative Attachment ofHyBr2 

Although both N. and Xe have been used as energy receptor-transfer 
species in HgBr(B) HgBr2 dissociation lasers, many characteristics of the 
resultmg laser discharges are far different than would be expected on the 
basis of the known differences between N. and Xe electron energy transfer 
processes alone. However, the observed differences are understood and 
provide a particularly interesting illustration of the importance to laser 
analysis of accurate and complete cross-section data. 

Figure 7 presents computed electron energy distribution functions in two 
Ne-HgBr2 mixtures, each containing either \0\ Nj or lO",, Xe. It requires 
a significantly larger £ A' value to produce the same mean electron energy'* in 
the NT mixture, reflecting the large energy loss due to N, vibrational excita- 
tion. Thus for the purpose of this illustration. £ A' has been chosen for both 
the Xe and N2 mixtures to yield approximately the same mean electron 
energy. Figure 7 illustrates the familiar, albeit unusual, shape of the electron 
energy distribution in N, (Nighan. 1970). In Nj the energy distribution is 
significantly depleted in the 2-5 eV range within which the Nj vibrational 
cross sections are very large (Schulz. 1976). However, in the Xe mixture there 
is an excess of electrons in the 2-5 eV range but a severe depletion above 
the 8.3-eV Xel^Pj) excitation threshold. These characteristics of electron 
energy transfer collisions with N, and Xe. respectively, have a dramatic 

' Mean electron energy as used here is defined as two-thirds the average electron energy; 
i.e.. kT^.e for a Maxwellian energy distribution. 
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10 

.Z 
ko, Xe mixture 

ko, Nj mixture 

kj-k|, Xe mixture 

ko-ki, N2 mixture 

1 2 3      .       , 

E/N (10"'^Vcm^) 

Fig. 8. Computed HgBr, attachment coefficients in Ne-HgBfj mixtures containing either 
10'„ N\ or 10",, Xe. .^Iso shown is the net or efTective attachment coefficient for each mixture, 
as defined by the difTerence between the HgBr, attachment and ionization coefficients, k^-k,. 

effect on the electron energy distribution as £,A' is varied, and on the effec- 
tiveness of HgBr2 as an attaching species under laser conditions. 

Figure 7 also shows the cross sections for HgBrj dissociative attachment 
and ionization (Wiegand and Boedeker. 1982). The HgBr, attachment cross 
section has a relatively narrow energy width and happens to reach its peak 
value at an energy about 2.0 eV higher than the onset of the resonant portion 
of the NT vibrational cross sections (i.e.. in the region of electron depletion 
in the N, laser mixture). Additionally, HgBrj has a relatively low ionization 
potential (10.62 eV) and a very large ionization cross section in the region 
of depleted electrons in the Xe laser mixture. Thus, as £ A' is varied, calcula- 
tions show that ionization of HgBtj is weighted much less heavily in the Xe 
mixture than in the N, mixture, and attachment is weighted much less 
heavily in the N, mixture than in the Xe mixture. The significance of this 
situation is vividly illustrated by comparing attachment coefficients and the 
net or apparent effect of attachment for Ne-HgBr2 mixtures containing 
the same amount of N, and Xe. respectiveh. 

Presented in Fig. 8 are the results of such a calculation over the complete 
range of £ A' appropriate for laser excitation of these mixtures. Figure 8 
shows that the attachment coefficient in the Xe mixture is almost completely 
insensitive to £ A. reflecting the relatively small changes in the electron 
energy distribution in the 3-5 eV range as EN is varied. However, since 
the HgBr, ionization cross section is very large, the net effect of HgBr, as 
a species contributing to electron loss in the Xe mixture diminishes rapidly 
as £, A' is increased, as is evidenced by the decrease in the difference between 
the attachment and ionization coefhcients k^ — k-. Indeed, for £'A' greater 
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than about 1.4 x 10"'* V cm" in the Xe mixture, HgBrj ionization dom- 
inates over attachment; that is. HgBr, makes a net contribution to electron 
production rather than loss. The behavior of the Nj mixture is markedly 
different qualitative!}' and quantitatively. For low E'N values in N.- 
dommated mixtures, the electron distribution function is truncated at about 
2.0 eV. the onset of the resonant portion of the Nj vibrational cross sections 
(Schulz. 19761. Eventually electrons penetrate the vibrational barrier at 
higher £ N values. However, the nature of the electron distribution function 
results in a strong £ A' dependence of the HgBr, attachment coefficient. 
More importantly, when the HgBrj ionization coefficient in the N^ mixture 
is subtracted from the attachment coefficient. Fig. 8 shows thai the net or 
apparent attachment coefficient has a very unusual behavior and is much 
smaller than the corresponding value in Xe over the entire £ \ range. 
Indeed, with a maximum k^ - k^ value only slightly about 1.0 x 10" '' cm"' s 
in the N, mixture (one-tenth of the maximum value in the Xe mixture), 
HgBr. does not behave like an attaching species for the conditions typical 
of laser discharges. Calculations show that for the same ion densities and 
HgBr, concentrations, attachment is the dominant electron loss process 
in the Ne-Xe-HgBr, laser mixture, and electron-ion recombination the 
dominant electron loss in the corresponding Ne-Ni-HgBr; mixture. 
Clearly, interpretation of the resulting discharge laser characteristics without 
benefit of the HgBr. ionization and attachment cross sections would be a 
diflicull task indeed. 

IV. Excited State and Ionic Kinetics 

Recognition of the potential of rare-gas halides as UV laser molecules 
and the following very rapid development of electrically excited lasers 
provided great stimulus for research in a number of important areas, particu- 
larly energy transfer reactions involving the rare-gas metastable states and 
halogenated molecules (Velazco er al.. 1978). electron-halogen dissociative 
attachment (Chantry. 1982). and high pressure ion-ion recombination 
reactions (Flannery. 1979. 1982). As a consequence, understanding of such 
processes has reached a new plateau, and a wealth of fundamental data has 
been generated, thereby providing the basis for development of sophisticated 
anal)tical models of laser-discharge characteristics (Rokni et al, 1978; 
Nighan. 1978a). A very significant feature of such models is their abilit\ 
to generate information relating to fundamental processes not easily accessed 
experimentally. For this reason interpretation of experimental results using 
analvtical models has itself resulted in identification of many previously 
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unrecognized processes and has contributed to the generation of additional 
basic data as well (Nighan, 1978b; Nighan and Brown, 1980; Morgan and 
Szoke. 1981). As an illustration of the information typically obtained using 
the now well-developed kinetic modeling techniques, in this section results 
representative of e-beam ionized XeCl and HgBr laser discharges will be 
presented. 

A. Ionic and Excited State Processes in XeCl 
Laser Discharges 

1. General Characteristics . 

As mentioned in Section I. rare-gas halide lasers are excited electrically 
using a variety of techniques. Although the resulting laser media share some 
common characteristics, specific differences in the excitation methods 
introduce substantial changes in important processes, including the rare-gas 
halide formation sequence itself Nighan and Brown (1980) have modeled 
the characteristics of e-beam ionized XeCl laser discharges for conditions 
of relatively high gain and XeCl(B) formation efficiency, as verified by 
experimental observations. For conditions typical of this excitation tech- 
nique, optimum laser characteristics are obtained using neon as a buffer 
gas at a total pressure of 3.0-5.0 atm. containing l-2°„ Xe and approxi- 
mately 0.1"^, HO. In such a mixture the neon provid'js the stopping agent 
for the ionizing high energy beam electrons, and also serves to ensure effective 
vibrational relaxation of the XeCl(B) vibrational manifold. Additionally, 
volumetric absorption at the laser wavelength due to excited and ionic 
states of neon is minimal (Champagne. 1982). Although Xe is the working 
species, its concentration is limited to a very low level so as to prevent 
excessive formation of Xe^ . which is a strong absorber at the 308-nm laser 
wavelength (Champagne, 1982: Michels el al. 1979a.b). The optimum 
concentration of HCl results as a compromise between the formation of 
Cr required for XeCl(B) production and HCl quenching of XeCl(B) and 
Xe*. the latter species a precursor of Xe^ (Fig. 4). 

The fact that XeCl(B) is formed by way of an ion-ion recombination 
reaction, combined with the constraints on the mixture fractions discussed 
above, results in a low impedance discharge medium having a high current 
density and low £;.V value. Nighan and Brown (1980) have shown that 
such e-beam ionized XeCl laser discharges actually operate in a quasi- 
avalanche mode, with only about 10"o of the ionization provided by the 
e beam, the dominant ionization process being multistep ionization of Xe 
excited states by low energy discharge electrons (Fig. A). For this reason 
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TABLE I 

Representative Medium Properties for the Electron-Beam Assisted XeCI Laser Discharge Conditions 

of Nighan and Brown (1980)" 

M 
M 
1-4 

Mixture Pressure 

E-heam 
current 
density 

Discharge 
current 
density E/N 

Illectric 
power 

density 

XcCKH) 
formation 
etTiciency 

Zero-field 
gain 

coefficient 

Volumetric 
absorption 
cocfTicient 

Vn 

Nc:   0.989 
Xc:   0.01 
HCl: 0.001 

} aim 1 .."i A cm ^ 1 «9 A cm   ' 1.95 X 10   " Vcm^ 2X8 IcW cm   ■' 17.2",, 6.7",, cm   ' 0.67",, cm   ' 

" The tabulated properties correspond to nearly quasisleady conditions al a time 0.2.S /is into a l).5-;(S discharge pul.se, at the end of which the 
time integrated XcCl(B) and electrical energy densities were 7..s.l/liter and 60.1/liter, respectively, and for which approximately 95",, of both the 

ionization and energy deposition were provided by the discharge. 
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the term electron-beam assisted discharge has been used to describe this 
XeCl laser excitation procedure (Nighan and Brown. 1980). Other charac- 
teristics of this laser discharge are summarized in Table 1. 

2. Species Concentrations ' 

Presented in Figs. 9 and 10 are computed concentrations of ionic and 
excited species corresponding to the conditions of Table 1. Reflecting the 
relatively large current density-low £/A' conditions. Fig. 9 shows that the 
electron density is approximately 1 x lO'-'^cm"^, a relatively high value 
for a large volume glow discharge of the type under consideration. Indeed. 

t(^r- 

Fig. 9. Compi.led quasislead\ charged 
pariii;lc concentrations Tor the e-beam assisted 
XeCl laser discharae conditions of Table 1. 

XeCKBI 

Species 

10'V 

10'= 

I0« 

10" 

I0'2 

10" 

Ne" 

Ne(p)* 

^. 

// 

^     ^ 

Xe(p) 

i 

^ 
Xe. 

Ne;" 
t/1    vi VA 

XeCl 

'A 

XejCI 

r 

Species 

Fig. 10, Computed quasisteady excited slate concentrations for the e-beam assisted XeCl 
laser discharce conditions of Table 1. 
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3 
electron quenching of the XeCl(B) laser molecule is comparable to the ra 
diative loss for electron density values above approximately 3 x 10'"* cm ^ 
(Rokni and Jacob. 1982). This calculation indicates that the ion Xe*, 
produced by multistep ionization. is the dominant positive ion in spite of 
the fact that the total pressure is 3 atm. This is a result of (and the reason 
for) the low fractional concentration of Xe that limits the rate of Xe,* dimer 
ion formation. Nonetheless, even though the Xe.; concentration is more 
than an order of magnitude less than that of Xe", volumetric absorption 
at the laser wavelength due to XeT photodissociation represents about 
one-third of the total absorption for these conditions. Thus increasing the 
Xe fractional concentration to a value much above 1"„ results in a nearly 
proportional increase in volumetric absorption, along with a decrease 
in   optical   extraction   efficiency  (McCusker.   1979:   Rokni   and   Jacob. 

1982). 
AlthouEh Cr is produced at a rapid rate by dissociative attachment to 

vibrationallv excited HCl. the relatively low HCl concentration combined 
with a verv large CP loss rate due to the Cr^Xe' XeCUB) formation 
process results in a Cl" concentration that is low compared to the electron 
and Xe' densities. Even so. absorption at the laser wavelength due to 
electron photodetachment of CP (Rothe. 1969) contributes about 15"„ to 
the total volumetric absorption for these conditions. 

Fiaure 10 shows that the corresponding concentrations of Xe* (represent- 
ing the coupled ^P, and ^P, 6s states) and the grouped levels of the 6p 
manifold are verv high and of comparable magnitude. Ionization from 
these states dominates Xe' formation, as discussed previously. The high 
Xe*(p) concentration impacts on laser discharge properties in several ways: 
photoionization at the laser wavelength of p-state atoms (Hyman. 1977: 
Duz> and Hvman. 1980). a disproportionate contribution by p states to 
multistep ionization (Hvman. 1979: Nighan. 1978a). and energy loss b> 
wav of p-s relaxation bv neutral collisions (Nighan. 1978a: and Section 
IV.D herein). The concentration of laser molecules. XeCl*(B|. is shown to 
exceed 10'-* cm"^ corresponding to a gain of over 5"„ cm   ': calculations 
also indicate that the XeCl(B) formation efficiency is in the 15-20'\, range 
for these conditions (Table I). In addition. Fig. 10 shows that the concentra- 
tion of the triatomic rare-gas halide molecule. XeXl*. is almost as large as 
that of XeCl*(B). The molecule Xe,Cl* is formed as a result of a three-body 
XeCl*(B) quenching reaction involving Xe (Marowsky et al.. 1981). and for 
these conditions is produced with an energy efficiency of approximateh 1",, 
Although Xe.Cl* formation is a loss process in the XeCl(B-^X) laser, 
electrical excitation of similar mixtures containing 5~10"„ Xe have resulted 
in Xe,Cl* laser emission centered at 518 nm (Tittel et ai. 1980). 
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B. Ionic and Excited State Processes in the 
HgBi-2 Dissociation Laser Discharge 

1. General Characteristics 

The blue green HgBr(B -> X)/HgBr2 dissociation laser operating at 502 
nm is in a somewhat earlier stage of development than its UV XeCl(B -<• X) 
counterpart. This laser, first excited electrically using a fast-pulse, avalanche 
discharge technique (Schimitschek and Celto, 1978,1980). and more recently 
using the e-beam controlled discharge method (Brown and Nighan, 1980). 
operates with a buffer at a pressure of 1.5-3.0 atm at a temperature in the 
150-200'C range. Neon is often used as the buffer for many of the same 
reasons discussed in connection with the XeCl laser. Variation of the tem- 
perature in the 150-200=C range results m an HgBrj vapor pressure variation 
in the range 2.0-20.0 Torr (Brewer, 1950). Both N, or Xe at fractional 
concentrations of 5-10% have been used successfully as excitation transfer 
species (Schimitschek and Celto, 1980; Brown and Nighan, 1980). As 
discussed previously, the principal factors determining the mixture constitu- 
ents and their respective fractions in rare-gas halide lasers, such as XeCl, are 
absorption at the laser wavelength and collisional quenching of the laser 
molecule. However, the HgBr(B) molecule is apparently much less susceptible 
to collisional deactivation than the rare-gas halides (Roxlo and Mandl, 1980). 
Additionally, experiments indicate little transient absorption near 500 nm 
due to discharge produced species. For these reasons, mixture optimization 
of the HgBrj dissociation laser appears to be less critical than is the case for 
the XeCl laser, for example. 

While many HgBrt states are excited under electric discharge conditions, 
only the ^'IJ' states predissociate to form HgBr(Bl (Wadt, 1980). indicating 
that the laser molecule production process is not highly selective. Electron 
impact excitation of HgBr, states below 6 eV results in HgBr(X) formation 
upon predissociation (Fig. 6), while electron excitation of HgBrj states above 
about 7 eV results in other HgBr excited states, e.g.. HgBr(C). Thus for 
conditions typical of electric discharges the effective branching fraction for 
HgBr(B) formation following electron impact excitation of HgBrj is found 
to be approximately 20-25°o (McGeoch et ai, 1982). This value of the 
HgBr(Bl branching fraction is also representative of HgBrj reactive quench- 
ing of N2 excitated states (Dreiling and Setser, 1980). When considered along 
with other energy loss processes typical of electric discharge excitation, the 
lack of a selective HgBr(B) formation channel apparently limits laser 
efficiency to a value of about 2-3% in Ne(or Ar)-HgBr2 mixtures, with or 
without an energy transfer species such as N2 or Xe present (Burnham and 
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Schimitschek. 1981). This value of efficiency is somewhat lower than that 
typical of rare-gas halide lasers excited under similar conditions. 

The fact that the HgBr(B) molecule is produced by way of a dissociative 
excitation reaction relieves the requirement for high ion density typical of ion 
recombination lasers such as XeCl. For example, HgBr{B) production is 
possible for conditions such that an electron beam ionized discharge operates 
in a high impedance mode corresponding to a low current density and a high 
£'A' value, a situation typical of the KrF* laser discharge (Nighan. 1978a). 
For these circumstances the discharge ionization process is dominated by 
the e beam (Brown and Nighan. 1980), although discharge ionization pro- 
cesses are still significant for the reasons discussed in Section II. Typical 
characteristics of such a laser discharge are summarized in Table II. In 
order to facilitate comparison with the XeCl laser conditions treated earlier, 
the discussion to follow will focus attention on conditions typical of the 
e-beam discharge excited HgBr, dissociation laser using Xe an energy 
transfer species. 

2. Species Concentrations 

Figure 11 presents computed ion concentrations for the conditions of 
Table II. The most obvious manifestation of the high impedance mode of 
operation is an electron density much less than that of the XeCl laser (Fig. 9). 
Additionally, the dominant ion is a molecular species. HgBr^. which is 
produced primarily by direct electron impact on ground state HgBr;. and to 
a lesser extent by charge transfer reactions (Johnsen and Biondi. 1981). 
Although it is likely that there is some contribution to HgBr(B) formation by 

10'^ 

10" 

1 
^       ^ 

Ne i Xej 

1 

HgBrj 

i 
HgBr* 

Hg*,Br* 

1 
Species 

Fig. 11. Computed quasisteady charged particle concentrations for the e-beam controlled 
HgBr(Bi dissociation laser discharge conditions of Table 11. 
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either electron or Br" ion recombination with HgBrj. calculations show 
that such reactions are not important for the conditions of Fig. 11. Addi- 
tionally, such recombination reactions are not selective, resulting in many 
HgBr2 states that do not predissociate with HgBr(B) as a product (Wadt. 
1980). Thus ion reactions in the HgBr(B)/HgBr2 laser are much less impor- 
tant than is the case in the XeCl laser. However, should HgBrj have an 
absorption cross section greater than 1 x 10"'^ cm^ near 500 nm. a large 
concentration of this ion as indicated in Fig. 11 would contribute significantly 
to volumetric absorption of the medium; thereby limiting optical extraction 
efficiency. 

The corresponding excited state concentrations presented in Fig. 12 are 
more nearly comparable in magnitude to those in the XeCl laser (Fig. 10). 
For these conditions Xe*(^P2) is produced very efficiently, subsequent!} 
transferring its energy to HgBrji^IJ"). which predissociates to form HgBr(Bi. 
This reaction accounts for about GO'!,, of the HgBr(B) production; direct 
electron impact dissociative excitation accounting for about 40% for these 
conditions. Calculations indicate that the HgBr(B) formation efficiency via 
these reactions is almost 4"^ for the conditions of Fig. 12. and that the gain 
is approximately 2.0°o cm" ' (Table II). Reflecting the lower electron density. 
Fig. 12 also shows that the Xe*(p) concentration is lower relative to that of 
Xe*(s) than is the case in the XeCl laser. The relatively small concentration 
ofXeBr* indicated in Fig. 12 is a consequence of Xe* andXe? recombination 
with Br" (Flannery. 1982). while the concentration of unspecified excited 
products indicated results primarily from electron and Br" recombination 
reactions involving HgBrJ. 
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Fig. 12. Computed quasislead} excited state concentrations for ihe e-beam controlled 
HgBr(Bi HgBr, dissociation laser discharge conditions of Table II. 
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0.1 0.5 0.6 0.2 0.3 0.4 

Time (fis) 

Fig. 13. Computed temporal viariation of the HCl dissociation products for the XeCI 
laser conditions of Figs, 9 and 10. ■"  t 

C. Halogen Dissociation \ 

For the relatively high pressure-high ion density conditions typical of 
e-beam controlled XeCl and HgBr laser discharges, characteristic excitation 
and ionization times are much less than the discharge-laser pulse duration. 
Thus medium kinetic processes are essentially quasisteady for most com- 
monly encountered conditions. However, this does not imply that important 
temporal changes are not occurring. Indeed, it is clear from the previous 
discussion that the principal reactions resulting directly and indirectly in 
laser molecule formation involve dissociation of the halogenated species. 
Additionally, recombination of the dissociation fragments does not occur on 
the microsecond (or less) time typical of the pulse duration. Thus since 
virtually all aspects of discharge-laser characteristics are sensitive to halogen 
reactions, the properties of the medium typically change significantly 
throughout the pulse, albeit in a quasisteady manner. 

Figures 13 and 14 present the computed temporal evolution of HCl and 
HgBrj dissociation fragments for the XeCl and HgBr laser conditions 
discussed previously. In both cases the dissociation products are shown to 
reach levels above 10'* cm"^ after a few hundred nanoseconds.'^ a value 
much higher than the concentrations of all excited and/or ionic species. For 
the pressures typical of these lasers there is little doubt that both positive 
and negative cluster ion species involving the dissociation products will be 

* In fast-pulse electric discharge lasers, which are pumped more intensely, such changes 
occur on a much shorter time scale. 
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Fig. 14. Computed temporal variation of the HgBr, dissociation productsfor the HgBrlBi 
HgBr, laser conditions of Figs. 11 and 12. 

formed (Wiegand. 1982). Other ion rearrangement and/or charge exchange 
reactions are likely, involving especially the chemically active H atom in 
XeCl lasers, and the easily ionized molecular fragment HgBr (I.P. ~ 9.0 eV) 
in HgBr, dissociation lasers. The success of laser modeling, which generally 
does not include such reactions, suggests that the primary efifect of dissocia- 
tion is simply loss of the original halogen futl. Nonetheless, depenoing on 
conditions, there are several aspects of laser-discharge behavior that are 
only partially understood, which may be influenced significantly by reactions 
involving the products of halogen dissociation. Such effects are most likely 
to be of significance for repetitive pulse, closed gas flow cycle operation, an 
area for which there is very little experience. 

D. Rare-Gas P-State Processes 

As a consequence of the importance of excimer lasers, interest in elec- 
tronically excited species, particularly the lowest excited states of the rare 
gases, has been intense. The physical similarities between the rare-gas 
metastable atoms and alkali metal atoms have significant implications for 
the laser applications of current interest (Velazco et al.. 1978|. One such 
similarity is a very large low energy electron cross section for excitation from 
the rare-gas s states to the next higher energy manifold of p states (Hyman. 
1978). For rare-gas s-state fractional populations greater than about 10"- 
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Fig. 15. lUuslration of the approximate energ\ relationship and production and loss 
processes for rare-gas s- and p-state atoms. 

the resulting electron energy loss is significant (Nighan, 1978a). Additionally, 
since ionization and photoabsorption from the p states is substantially 
greater than from the s states (Hyman, 1978, 1979; Duzy and Hyman. 1980). 
the resultant effects of p state processes on both discharge and laser properties 
can be quite important (Nighan. 1978al. For these reasons knowledge of the 
dominant factors controlling p-state population levels in rare-gas mixtures 
common to both rare-gas and mercury halide lasers is of considerable 
importance. 

Presented in Fig. 15 is a simplified energy level diagram typical of the 
rare gases, which shows the approximate energy relationship between the s 
and p groups of states and indicates the processes coupling the groups 
together. On the basis of energy defect arguments alone, coilisional deactiva- 
tion of states of the p-state manifold to the s states, resulting from collisions 
with ground state rare-gas atoms, would not be expected to be significant. 
However. Setser and co-workers have recently shown that such inter- 
multiplet energy transfer between rare-gas p and s states occurs by way of 
complex mechanisms involving curve crossings, in which attractive bound 
R* potential curves from R and R(p) interact with the repulsive curves from 
R and R(s) (Chang and Setser. 1978, 1980: Chang et a\.. 1980; and Horiguchi 
et ai. 1981). This sequence of events is illustrated in simplified form in Fig. 16. 
The rate constants for intermultiplet transfer of this type depend on the 
specific 2pj levels and on gas mixture. However, effective rate constants for 
relaxation of the p manifold to the s manifold have been found to be on the 
order ofl.O x 10"" s"'cm^ for the rare gases and certain rare-gas mixtures. 
Thus at the high pressures typical of rare-gas and mercury halide lasers, the 
characteristic time for p -»s deactivation by collisions with rare-gas atoms 
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Fig. 16. Illustration of rare-gas intermulliplet  2pj-lSj deactivation by collisions with 
ground state rare-gas atoms, [From Chang and Setser (1978).] 

can be as short as 1 ns. In any case, modeling of laser characteristics has 
shown that this interesting relaxation mechanism usually controls the popu- 
lation of the p-state manifold, thereby exerting an important influence on 
laser-discharge properties (Nighan. 1978a; Nighan and Brown. 1980|. 

\". Summary 

The advent of the rare-gas halide laser in 1975 represented a dramatic 
breakthrough in the 10-yr quest for a short-wavelength laser having an 
efficiency and scalability comparable to the IR CO. laser. Although little 
more than five years have passed smce the discovery of the rare-gas halide 
laser, developments in this area have evolved at an extremely rapid pace. 
propelled by significant advances in understanding of excited state chemistry, 
electron-halogen attachment, discharge physics, and development of so- 
phisticated computer models of laser-discharge properties. 

Recently, research attention has been directed toward important practical 
considerations such as volumetric and surface chemistry and the resul- 
tant implications for laser short-term temporal behavior and overall laser 
system lifetime. For this reason the XeCl(B) (Xe-HCl) laser operatmg at 
308 nm or Raman shifted to longer wavelengths (Trainor et al. 1980; 
Burnham and Djeu. 1978). and the blue,green HgBr(B) HgBrj dissociation 
laser at 502 nm have emerged as leading candidates for a wide range of 
applications. Both lasers have exhibited favorable chemical characteristics 
and have demonstrated the potential for repetitive pulse, long-hfe operation. 
Additionally, the dominant processes in these lasers have been identified 
and. although data for certain reactions are still lacking, the general charac- 
teristics of XeCl and HgBr lasers operating in a laboratory environment can 
be predicted in a reasonably satisfactory way. However, there is essentially 
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no information on the effect of HCl or HgBr2 dissociation fragments on 
excited state or ionic processes in the XeCl and HgBr lasers, respectively. 
Since the concentration of dissociation products often becomes comparable 
to that of the parent molecule during the discharge pulse, there is little doubt 
that their presence will influence discharge-laser properties, especially in 
closed gas-flow cycle operation. Clearly, a significantly improved under- 
standing of the role of discharge generated neutral species would be useful. 

One of the most significant factors in the emergence of both the XeF and 
XeCl lasers as efficient UV sources was recognition of the critical role of 
transient absorption at UV wavelengths by discharge produced species such 
as the rare-gas dimer ions. Surprisingly, very little is known about the visible 
absorption characteristics of the discharge produced excited and ionic species 
typical of mercury halide lasers such as HgBr or of other blue-green lasers 
such as XeF(C -^ A). XejCl. and KrzF (Tittel et ai. 1981). Past experience 
with the UV rare-gas halides strongly suggests that absorption at visible 
wavelengths will have an important effect on the optical extraction efficiency 
of such lasers. For this reason it is probable that knowledge of the 400-600 nm 
absorption cross sections for the ionic and excited species known to be present 
(e.g.. Figs. 11 and 12) will lead to a rethinking of the importance of various 
mixture constituents in visible wavelength lasers, followed by improvements 
in optical extraction efficiency. 
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Efficient XeC\(B) formation in an electron-beam assisted Xe/HCI laser 
discharge 
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XeCl(5) formation processes are examined for conditions typical of a discharge-excited laser 
using HCl as the chlorine donor. It is shown that vibrational excitation of HCl followed by 
dissociative attachment is a primary step in the reaction sequence resulting in Cl ^ . XeCl{B) 
formation is the result of a three-body Xe ^ -CL " recombination reaction. Experimental results 
are presented which demonstrate efficient (~ 2%) XeCl laser operation in an e-beam assisted 
discharge in which over 75% of the energy was deposited by the discharge. 

PACS numbers: 42.55.Hq, 42.60.By 

I 
I 
I 

Recently, efficient (-5%) laser oscillation on the 
XeCl(.8-^A') transition (308 nm) has been reported using 
both pure electron-beam excitation'^ and an electron-beam 
controlled discharge.' In both cases, the observation of effi- 
cient operation with httle or no long-term degradation in 
laser performance is attributed to the use of HCl as the halo- 
gen donor.'"' However, relatively little is known about HCl 
reaction kinetics in the XeCl laser medium, a factor which 
has hampered development of a good understanding of basic 
proceses in this laser. The present letter addresses this prob- 
lem, and reports results of an investigation of XeCl(5) for- 
mation kinetics and plasma processes in an electron-beam 
assisted discharge for total volumetric energy loading com- 
parable to that reported previously.'^ but under conditions 
such that electrical energy input was dominated by the 
discharge. 

There are several important features which set HCl 
apart from other effective halogen donors: (1) a high disso- 
ciation energy (4.45 eV), (2) a very high cross section for 
vibrational excitation by electrons,'' and (3) a cross section 
for dissociative attachment from the ground vibrational lev- 
el which is substantially lower than that of the halogen do- 
nors typically used in rare-gas fluoride lasers. Formation of 
XeCl(5) by way ofXeCPjyHCl reactions is slightly endo- 
thermic at 300 °K,' reflecting the strong HCl bond energy. 
Thus the large measured' XeCPi) quenching rate by HCl is 
apparently a purely dissociative reaction and does not result 
in formation of the XeCl(i5) upper laser level. Although 
quenching of Xe('P„ ^P^, 'F^by HCl may result in XeCl(5) 
formation, at present there are no data for such reactions. In 
addition, while the large cross section for HCl vibrational 
excitation ensures the presence of a high fractional concen- 
tration of vibrationally excited HCl in laser plasmas, there is 
no evidence suggesting efficient XeCl(fi) formation by way 
of Xe('/'2)-HCl([;) reactions. 

A more likely consequence of HCl vibrational excita- 
tion is enhanced dissociative attachment. Indeed, our analy- 
sis of current-voltage characteristics for electron-beam con- 
trolled discharges in a variety of rare-gas-HCl mixtures 
indicate the occurrence of an electron loss process which 
increases with time throughout the discharge pulse. Model- 
ing studies show that this enhanced electron loss correlates 

with the growth in the concentration of vibrationally excited 
HCl. Further, without taking this effect into account, it is 
not possible to quantitatively model either discharge charac- 
teristics or laser properties in XeCl laser mixtures on the 
basis of other known reactions alone. 

Presented in Fig. 1 are the rate coefficients for vibra- 
tional excitation and attachment for HCl in the ground vi- 
brational level, computed for a Ne(0.989)-Xe(0.01)- 
HCl(O.OOl) laser mixture. The vibrational cross section of 
Rohr and Under'' was used in the calculation, and the shape 
of the attachment cross section of Ziesel, Nenner, and 
Schulz^ was used, adjusted in magnitude to yield a rate coef- 
ficient consistent with our experimental observations in vi- 
brationally cold HCl. The shaded region in this figure is in- 
dicative of the 10- to 20-fold increase in the effective 
attachment rate of HCl resulting from vibrational excita- 
tion, as deduced from the present modeling of the character- 
istics of rare-gas-HCl discharges.^ Very recent measure- 
ments by Wong** indicate an increase of more than an order 
of magnitude in the attachment cross section due to HCl 
vibrational excitation, a result that provides additional sup- 
port for the present conclusions. 

On the basis of the interpretation discussed above, it is 
concluded that vibrational excitation of HCl is a fundamen- 
tal process in XeCl lasers using HCl as the chlorine donor. 
For discharge-excited lasers, modeling studies indicate that 
XeCl(5) formation proceeds by way of the sequence illus- 
trated in Fig. 2. In this sequence, electron energy transfer is 

0.8      1.6       2.4      3.2 
EIN(10-17vcm2| 

FIG. 1. Rate coefficients for vibration- 
al excitation and dissociative attach- 
ment for HCl in the ground vibrational 
level, computed for a Ne(0.989)- 
Xe(0,01)-HCl(0.001) laser mixture. 
The shaded region is indicative of the 
magnitude of the effective rate coeffi- 
cient for attachment to vibrationall> 
excited HCl as inferred from the pre- 
sent studv. 
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Plasma Processes in Electron-Beam Controlled 
Rare-Gas Halide Lasers 

WILLIAM L. NIGHAN 

(Invited Paper) 

Abstract-Thii paper presents the results of an analysis of plasma 
properties in an electron-beam controlled KrF* laser discharge. In this 
study, special emphasis is placed on establishing the relationship among 
tile numerous kinetic processes influencing the populations of exdted 
species in the laser medium. Important reactions controlling the coupled 
populations of rare-gas metastable states and hi^er excited states are 
discussed in detail, along with the resultant effect of these reactions on 
KrF* formation efficiency. It is shown that the rare-gas monohalide 
production efficiency is approximately 20 percent under typical condi- 
tions, and that no single reaction dominates either production or loss of 
KrF*. In addition, the very important role of halogen molecule dissoci- 
ation is treated and the resultant effects of dissociation on the temporal 
variations of plasma properties and on plasma stability are analyzed. 

I. INTRODUCTION 

THE ELECTRICALLY excited rare-gas halide laser is the 
first short-wavelength laser which appears capable of scal- 

ing to high pulse energy and high average power. Electrical- 
optical energy conversion efficiency of approximately 10 per- 
cent has been attained [1] for a single-pulse KrF* laser (X = 
248 nm), the most efficient of the rare-gas halide class. There 
are numerous applications for efficient UV and/or visible wave- 
length lasers, and for this reason these new laser systems have 
become the subject of increasing attention [2]. At the time 
the potential of rare-gas monohalides as laser molecules was 
first recognized [3], their properties were essentially unknown. 
For this reason early emphasis was placed on development of 
a thorough understanding of the structure of such molecules 
and their reaction kinetics. These efforts have resulted in a 
relatively complete understanding of rare-gas halide emission 
spectra [4], and of the dominant formation and quenching 
processes of these molecules [5]. Additionally, detailed mod- 
eling of kinetic processes has provided the insight required to 
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identify optimum conditions for rare-gas halide laser operation 
[1],[6],[7]. 

The plasma medium typical of these lasers is created in a 
near atmospheric pressure rare-gas mixture containing a small 
(<1 percent) fractional concentration of a halogen-bearing 
molecule. Pulsed electrical excitation is provided either by a 
beam of high energy electrons or by an electric discharge in a 
manner generally similar to that typical of COj lasers [8], [9]. 
However, there are several significant features which differen- 
tiate rare-gas haUde lasers from their IR molecular laser coun- 
terparts. These include: 1) a high concentration of "alkali-like" 
rare gas metastable atoms which, because of their chemical 
activity [3], exert a dominant influence on all aspects of plasma 
behavior; 2) a major constituent (the molecular halogen) which 
dissociates rapidly under the conditions required for laser oper- 
ation, an effect resulting in very important temporal changes 
in the gas mixture; and 3) an electron density which is above 
the level at which electron-electron collisions become impor- 
tant, with the result that the plasma cannot be considered 
weakly ionized. This paper presents the results of a theoreti- 
cal investigation of these and related plasma processes for condi- 
tions representative of KrF* lasers. Special emphasis is placed 
on establishing the relationship among the numerous kinetic 
processes which influence the populations of various excited 
species. The results presented are qualitatively similar for all 
rare-gas halide lasers, and should provide useful information 
relevant to other promising excimer lasers as well. 

Section II summarizes the basic processes contributing to 
the production and loss of rare-gas metastable atoms and of 
KrF* molecules. Particular emphasis is placed on analysis of 
electron-atom excitation and ionizafion, especially the depen- 
dence of rate coefficients for these processes on the fractional 
concentration of electronically excited species and of electrons. 
In addition, the potential importance of vibrational excitation 
and dissociation of Fj by low energy electron impact and of 
electron attachment to vibrationally excited .F2 are discussed. 

OO18-9197/78/lOO0-O714$00.75 © 1978 IEEE 
IV-3 



NIGHAN: PLASMA PROCESSES IN RARE-GAS HALIDE LASERS 715 

The results of an analysis of plasma properties in an electron- 
beam controlled KrF* laser discharge are presented in Section 
III. Therein the important reactions controlling the coupled 
populations of rare-gas metastable states and higher excited 
states are discussed in detail along with the resultant effect of 
these reactions on KrF* formation efficiency. In addition, the 
very important role of halogen molecule dissociation is treated 
and the resuhant effect of dissociation on plasma stability is 
analyzed. Important processes requiring improved understand- 
ing prior to successful application of rare-gas halide lasers are 
discussed in Section IV. 

II. PLASMA PROCESSES 

A. KrF* Formation and Loss 

Rare-gas halide lasers have been excited successfully both by 
electron beams and by electric discharges [1]. In the latter 
case either fast pulse discharges or electron-beam controlled 
discharges have been used. Rare-gas monohalide molecule 
formation proceeds by way of generally similar processes in 
each case. The more important features of the KrF* forma- 
tion and loss sequence in a nominally atmospheric pressure Ar- 
Kr-Fj gas mixture are illustrated by the diagram shown in Fig. 
1. This figure indicates that there are several pathways resulting 
in the formation of KiF*. When pure electron-beam excita- 
tion is used, the dominant mechanisms are two-and three-body 
positive and negative ion recombination, the positive ions hav- 
ing been produced by ionization initiated by the high energy 
primary electrons in the beam, and the negative ions by dis- 
sociative attachment reactions involving low energy electrons 
and F2. Reactions between F2 and rare-gas metastable atoms 
produced by low energy electron impact are the primary source 
of rare-gas monohalide molecules in electron-beam controlled 
discharges. Recombination and metastable reactions may 
make comparable contributions to rare-gas halide formation in 
fast pulse, self-sustained laser discharges, depending on specific 
circumstances. Of course there are numerous reactions which 
tend to interrupt the chain of events illustrated in Fig. 1. 
Nonetheless, the energy utilization efficiency associated with 
rare-gas monohalide molecule formation is typically in excess 
of 20 percent for conditions representative of both electron- 
beam excited and electron-beam controlled lasers [1]. How- 
ever, electron-beam controlled-discharge excited lasers, for 
which most of the energy is provided by the discharge, have 
greater potential for scaling to high average power than lasers 
excited by an electron-beam alone. 

Fig. 1 indicates that there are several processes contributing 
to the loss of KrF*; these are also found to be of comparable 
importance for typical conditions. In subsequent paragraphs, 
specific details of the reactions indicated in Fig. 1 will be dis- 
cussed with emphasis directed toward factors of importance in 
discharge excited KrF* lasers. 

B. Electron Collision Processes 

Electron-Neutral Energy Transfer: A fundamental factor 
contributing to the high efficiency characteristic of discharge 
excited rare-gas hahde lasers is the efficient production of rare- 
gas metastable atoms for conditions readily attainable experi- 
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Fig. 1. Illustration of the primary reactions contributing to KrF* for- 
mation and loss in an electrically excited Ar-Kr-F2 mixture at nomi- 
nally atmospheric pressure. 
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Fig. 2. Fractional contributions to electron-neutral power transfer in 
an Ai-Kr-Fj mixture having the proportions 0.945-0.05-0.005. For 
this example, the fractional ionization, fractional metastable concen- 
tration, and fractional concentration of rare gas p state atoms were 
10"*, 10"^ and 10"*, respectively. The notation RG refers to the 
combined effect of Ar and Kr. 

mentally. Shown in Fig. 2 are the computed variations of the 
processes dominating electron-atom (molecule) energy transfer 
for conditions typical of an electron-beam controlled KrF* 
laser. For £"/« values' greater than approximately 1.0 X 10"'* 
V ■ cm^, for which the mean electron energy^ is about 3.25 eV 
for the mixture indicated, the combined argon and krypton 
metastable production efficiencies exceed 50 percent, and reach 
70 percent for higher E/n values. Examination of Fig. 2 indi- 
cates that the contributions to the undesirable loss of electron 
energy due to elastic collisions with atoms, excitation of meta- 
stable atoms to higher states, and F2 dissociation are found to 
be of comparable importance for the conditions of this exam- 
ple. However, it will be shown that the net effect of electron 
excitation and deexcitation of rare-gas atoms between their 
metastable and p states is highly variable, depending on the 
concentration of metastable atoms. For fractional metastable 
concentrations greater than the 10"^ value typical of this ex- 

E/n is the ratio of electric field intensity to total neutral number 
density. 

^Mean electron energy as used here is defined as 3 the average energy. 

IV-4 
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Fig. 3. EIn variation of the metastable excitation and ionization rate 
coefficients for ground state Ai and Kr corresponding to the condi- 
tions of Fig. 2. 

ample, the power loss accompanying this process increases sig- 
nificantly [6], [10]. Although the energy loss associated with 
ionization of excited states and of ground state atoms is small, 
these processes make very important contributions to the pro- 
duction of electrons in electron-beam controlled discharges. 

Even though the cross sections for electron excitation of Fj 
vibrational levels are relatively large (~10"''' cm^) [11], vibra- 
tional excitation does not appear to be an important energy 
loss process because the energy loss per collision is small (~0.1 
eV) [12]. Although there are no electron cross section data 
for F2 electronic excitation, this process may be important 
because the electron energy loss will be several electron volts. 
Additionally, there are numerous F2 electronic states in the 3 
to 10 eV range which are repulsive [13] and which would 
therefore result in F^ dissociation when excited. In this energy 
range, there are likely to be excited states of the FJ ion which 
lie above dissociating states of F2 in the vicinity of the Fj 
equihbrium internuclear separation. Thus, for electron ener- 
gies of a few electron volts F2 electronic excitation may be 
enhanced by resonance processes as is the case with dissocia- 
tive attachment [14]-[16]. In order to reasonably account 
for the effect of F2 electronic excitation, indirect experimen- 
tal evidence of F2 dissociation has been analyzed, from which 
an effective e - F2 dissociation cross section has been obtained 
[12]. Based on this provisional cross section, the data of Fig. 
2 show that electron energy loss accompanying direct dissoci- 
ation by electrons is likely to be substantial for halogen mole- 
cule concentrations typical of rare-gas halide lasers. In addi- 
tion, the contribution of this process to F2 dissociation will 
also be shown to be significant. 

Electron Rate Coefficients: Presented in Fig. 3 is the E/n 
variation of the electron rate coefficients for metastable exci- 
tation and ionization from the ground state corresponding to 
the conditions of Fig. 2.  These data were generated usingavail- 

IV 

able cross section information [17], [18]. With a mean elec- 
tron energy much lower than the threshold for excitation,only 
those electrons in the high energy region of the electron energy 
distribution participate in the metastable production and ion- 
ization processes. This accounts for the characteristically strong 
dependence of the rate coefficients for these processes on £/« 
(i.e., mean electron energy). The higher rate coefficients for 
Kr reflect the fact that the energy thresholds for excitation 
and ionization of krypton are lower than the respective thresh- 
olds for argon. 

In most if not all electronically excited excimer lasers, the 
fractional ionization exceeds 10"' and the fractional metastable 
concentration exceeds 10"^ For these circumstances,electron- 
electron [19], [20] collisions and electron collisions with 
metastable atoms [6] exert an important influence on the 
electron energy distribution, the former tending to increase 
the number of high energy electrons and the latter resuhing in 
a decrease in their number. Those electron rate coefficients 
which are particularly sensitive to the high energy region of 
the distribution are most affected by such changes. Thus, in 
addition to their strong dependence on E/n, the rate coeffi- 
cients for electronic excitation and ionization of ground state 
rare gas atoms exhibit a significant dependence on degree of 
ionization and on fractional metastable concentration. The 
results presented in Figs. 4 and 5 illustrate this effect for 
representive KrF* laser conditions. The influence of electron- 
electron collisions is particularly striking (Fig. 4), resulting in 
nearly a two order-of-magnitude increase in the rate coefficient 
for Kr ionization and a three order-of-magnitude increase for 
Ar as the fractional ionization increases in the 10"' to 10"" 
range typical of rare-gas halide discharges. 

Fig. 5 indicates that variations in rare gas excitation and ion- 
ization rates caused by cooling of the electron energy distribu- 
tion due to excitation of metastable atoms to higher levels are 
also significant. Of more importance is the fact that since frac- 
tional ionization and fraction metastable concentration gener- 
ally increase together, the effects illustrated in Figs. 4 and 5 
tend to be partially offsetting. In addition, the variation shown 
in these figures for a fixed E/n value of 1.0 X 10"" V ■ cm^ 
becomes greater as E/n is reduced below this level and is smaller 
for higher E/n values. Thus, in modeling rare-gas haUde laser 
discharges, it is necessary to evaluate rate coefficients for ion- 
ization and excitation from the ground state using self-consis- 
tent combinations of £/«, degree of ionization, and metastable 
fraction. 

Presented in Fig. 6 are the E/n variations of the rate coeffi- 
cients for AT and Kr excitation and deexcitation between the 
grouped metastable and p states, calculated using available 
cross section data [21 ]. Rate coefficients for ionization from 
both the metastable and p states are also shown [22], [23]. 
These data exhibit a weak dependence on £"/«, reflecting the 
fact that the energy thresholds for the processes involved are 
comparable to (or less than) the mean electron-energy. For 
this reason the rate coefficients presented in Fig. 6 are practi- 
cally insensitive to variations in either the degree of ionization 
or the metastable fraction. However, the magnitude of the 
rate coefficients for electron-excited state collision processes is 
exceptionally large as a consequence of the alkali-like structure 
of the rare-gas excited states [21]. 
-5 
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Fig. 4. Variation of Ar and Kr rate coefficients for metastable produc- 
tion and ionization with fractional ionization for an Ejn value of 
1.0 X 10"'* V-cm^. The fractional concentrations of metastable 
and p state atoms were fixed at 10"^ and 10"*, respectivelj. 

METASTABLE FRACTION 

Fig. 5. Variation of Ar and Kr rate coefficients for metastable produc- 
tion and ionization with metastable fraction for an Ejn value of 1.0 X 
10"** V- cm^ and a fractional ionization of 10"*. The fractional p 
state concentration was increased in proportion to the metastable 
fraction so that the p state: metastable ratio was always 0.1. 

Fi Vibrational Excitation: Fig. 6 also shows the electron 
rate coefficients for Fj vibrational excitation and for dissocia- 
tive attachment of Fj in the vibrational ground state and in 
the first vibrational level, computed using the theoretical cross 
sections of [11]. The rate coefficient for vibrational excita- 
tion reflects excitation from the ground state to the first ten 
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Fig. 6. Ejn variation of electron rate coefficients for excitation, deexci- 
tation and ionization of rare gas p state atoms, along with the rate 
coefficients for metastable ionization, F2 dissociative attachment, 
and F2 vibrational excitation. The rate coefficients for these pro- 
cesses exhibit very little change in response to variations in fractional 
ionization or excited state concentration. The notation RG refers to 
either Ar or Kr. 

vibrational levels, each of which has been energy weighted 
[24] with respect to the first level. The attachment rate coef- 
ficient for ?2 in the ground vibrational level is found to be 
within 5 percent of that computed using recent experimental 
cross section data [16]. While attachment cross sections for 
vibrationally excited F^ have not been measured, this agree- 
ment lends support to the theoretical prediction [11] that at- 
tachment to vibrationally excited F^ should proceed at a much 
faster rate than for V-iiP = 0). If such is the case, the increas- 
ing population of vibrationally excited Fj during the discharge 
excitation pulse will result in an increase in electron loss due 
to attachment, thereby tending to offset the reduction in the 
attachment loss accompanying the loss of F^ due to dissocia- 
tion. Subsequent discussion will show that such an effect 
could influence the onset of plasma instability. 

C. Excited State Processes 

In addition to efficient rare gas metastable production, effi- 
cient rare-gas monohalide formation requires that reactions 
leading to the formation of KrF* dominate over competing 
metastable quenching processes. Thus, reactions between rare- 
gas metastable atoms and the halogen "fuel" molecule must be 
the dominant metastable loss process; and the branching ratio 
for the formation of the desired rare-gas monohalide molecule 
must be near unity. Setser and co-workers [25] have con- 
ducted extensive investigations of rare-gas metastable atom 
quenching and have found that practically all halogenated 
molecules have large rate constants. Moreover, diatomic halo- 
gens such as Fj have near unity branching ratio for rare-gas 
monohalide formation. Thus, energy efficient formation of 
-6 
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rare-gas monohalide molecules is usually assured in discharges 
in which rare-gas metastables are produced efficiently, and in 
which an appropriate halogen fuel molecule is present. 

With a stimulated emission cross section in the 1 to 5 X 10"'* 
cm^ range [1 ], maintenance of optimum gain requires a rare- 
gas monohalide density of about 10'" cm"', a relatively high 
excited state concentration even for an atmospheric pressure 
glow discharge. Thus, knowledge of rare-gas halide loss mecha- 
nisms under various conditions is particularly important. The 
dominant rare-gas halide quenching processes have been identi- 
fied by Rokni, Jacob, and Mangano whose detailed analysis 
and interpretation is presented elsewhere [5]. Certain of their 
results relevant to KrF* lasers are summarized in Table I along 
with other related data [26]-[30], It is worth pointing out 
that each of the major constituents in the gas mixture colli- 
sionally quenches [5] KrF* (Fig. 1, Table I). Additionally, 
with a radiative lifetime less than 10 ns, spontaneous decay of 
the rare-gas monohalide laser molecule is always important for 
the conditions of interest. 

Quenching of Rare-Gas P State Atoms by Neutral Collisions: 
Fig. 6 shows that the rate coefficient for electron impact exci- 
tation of rare-gas metastable atoms to the higher lying mani- 
fold of p states [21] is very large. Indeed, for the conditions 
encountered in rare-gas halide lasers, this process can compete 
with the desired metastable-Fj rare-gas monohalide formation 
channel. Thus, the significance of p state excitation from the 
metastable state depends on what happens to the p-state atoms 
after they are produced. For this reason, a knowledge of p- 
state quenching processes is particularly important. Recently 
Chang and Setser [30] reported rate coefficients for collisional 
quenching of Ar p-state atoms by argon at room temperature 
(Table I). Their results show that metastable production as a 
result of p-state quenching by ground state atoms will be very 
fast for pressures typical of rare-gas halide lasers. Such p-state- 
metastable transitions can be explained [30] in terms of a 
curve crossing mechanism among the Arf repulsive states which 
then dissociate, e.g., Ar*(p)-i-Ar-+Arf-* Ar*-H Ar. Subse- 
quent discussion will show that this process can dominate p- 
state atom quenching in rare-gas halide lasers thereby exerting 
an important influence on both rare-gas halide formation effi- 
ciency and plasma stability. 

III. LASER DISCHARGE ANALYSIS 

A.  Temporal Variations 

Plasma Modeling: Analysis of plasma properties in pulsed 
rare-gas halide lasers requires modeling of the time dependent 
variation of electron, ion, and excited state processes for con- 
ditions typical of the excitation scheme of interest [1], [6], 
[7]. In the present work, emphasis has been placed on electron- 
beam controlled laser discharges operating under conditions 
similar to those described in [31]. For the most part, the 
modeling procedures used are similar to those typically em- 
ployed in such analyses [6], [7]. The principle electron and 
excited state reactions and rate coefficients used in the present 
analysis have been discussed in the preceding section and are 
presented in Figs. 3-6 and in Table I. The dependence of 
electron-atom rate coefficients on variations in E/n, fractional 
ionization and metastable fraction was accounted for by solv- 

IV- 

TABLE I 
RARE GAS AND RARE-GAS HALIDE NEUTRAL REACTIONS AND RATE 

COEFFICIENTS FOR KrF» LASERS 

Reaction lUte  Coefficient^ Reference 

Ar«   +  Kr  -  Kr«(p)   ..   Ar 5.6 (-12) 26 

Ar«   •►  Fj   -  ArF«  -t  F 7.5 (-10) s 
Kr*  +   Fj  -  KrF*   +  F 7.8 (-10) i 

Ar*(p)   + Ar - Ar* -t- Ar 2-6 (-11) 30 

Kr*(p,)   + Ar - Kr* + Ar 2-6 (-11) estimated   (see  30) 

Arr* + Kr ^ KrF*  + Ar 1.6 (-9) 5 

ArF*  + Ar •»  K - Ar^F* + K 4.0 (-31) i- 

KrF*  +  Kr  +  « -  KrjF*  +  K 6.5 (-31) S 

Kr^* + 2Ar  - products 7.0 (-32) S 

ArF* + Fj  ' products 1.9 (-9) s 

KrF*  -IF,- products 7.8 (-10) 5 

KrF*  - Kr + F *  hv   (248 nrr.^ 9  (- 0) 27 

ArF*  ' Ar + F + h.   (193 nr.) '.  4 (-9) 29 

Kr.t',  2Kr   *   F  +  h.   (400 rat) 181 (-9) 28 

Ar,F*» 2Ar * F + h.   (290 nv.) 132 (-9) 29 

Units:     two-body processes,   sec"^   cr   ;   three-body  processes,   sec"^ cir*': 
radiative  processes,   sec.     The nurber   In   (   )   refers  to  the  exponent  of   ten. 

ing the Boltzmann equation [19], [24] in order to generate a 
matrix of data similar to those presented in Figs. 3-5. On the 
basis of the data so obtained, rate coefficients for excitation 
and ionization from the ground state were represented analyt- 
ically by an expression of the form, 

k{Eln, a, 6) = koiE/n)f(Eln, a)g{Eln, 6), 

where k is the rate coefficient for a particular process, a is the 
fractional ionization, 6 is the metastable fraction, and /and^ 
are Ejn dependent analytic functions reflecting the numerically 
determined variations in k with changes in a and 6 (Figs. 4 and 
5). Thus, ko was determined by specifying an Ejn value in the 
range of interest. The rate coefficients k^Ejn, a, 6) were then 
computed as a function of time using self-consistent values of 
a and 5. 

Species Concentrations: Fig. 7 presents the computed tem- 
poral variation of selected species for representative experi- 
mental conditions [31]. In this example, the external ioniza- 
tion source was increased as a function of time in order to 
simulate the increase in e-beam current density typical of pulsed. 
cold-cathode e-gun operation [31]. For these conditions, 
plasma properties reach quasi-steady values in a time less than 
0.1 /is. However, Fig. 7 shows that significant changes occur 
on a longer time scale because of the combined influence of 
the increasing e-beam ionization rate and F2 dissociation, par- 
ticularly the latter. Indeed, for this example F2 dissociation 
exceeds 25 percent after about 0.6 /us. The results presented 
in this figure show that the fractional ionization (a = n^ln) and 
metastable fraction (d=n*ln) are approximately 4X10"' 
and 10"^ respectively, values for which electron rate coeffi- 
cients are affected by collisions with other electrons and with 
metastable atoms (Figs. 4 and 5). In addition. Fig. 7 shows 

■7 
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Fig. 8. Particle concentrations corresponding to the conditions of Fig. 
7 at a time 0.4 »is after discharge initiation. 
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Fig. 7. Temporal variation of selected species in an e-beam controlled 
KrF* laser discharge at a pressure of 1 atm; Ar-Kr-F^ (0.945- 
0.05-0.005). For this example the EIn value was 1.2 X 10"** V- 
cm^; and the temporal variation of the e-beam ionization rate was 
160 + 8 X 10'' f s"', resulting in a 50 percent increase in the electron 
production rate after 1 MS. 

that after a few tenths of a fis the concentrations of vibration- 
ally excited Fj and of F atoms reach levels corresponding to 
about one-tenth the initial Fj density. 

The computed populations of all excited species consiuered 
in the present analysis are presented in Fig. 8 for a time 0.4 fis 
after discharge initiation. This figure shows that the primary 
excited species are the rare gas metastables, Ar* and Kr*, and 
the krypton-fluorides KrF* and Kr2 F*, each having a concentra- 
tion of approximately 10'* cm'^. Other excited species have 
number densities in the 2 X 10*^-2 X 10'^ cm"' range, with 
the total excited state fraction in excess of 2 X 10"' for the 
conditions of this example. Clearly there are other excited 
rare gas and rare-gas halide molecules which will probably have 
concentrations on the order of 10'^ cm"' for conditions typi- 
cal of rare-gas halide lasers. 

Medium Properties: Numerical modeling of laser character- 
istics begins with a study of microscopic processes, analysis of 
which is the primary source of insight required to optimize 
and/or improve conditions. However, an equally important 
objective of such studies is quantitative computation of macro- 
scopic properties of the laser medium which can be directly 
compared with experimental results. Indeed, comparison be- 
tween predicted and measured rare-gas habde laser character- 
istics has been found to be very good [1], [7], [31]. 

Fig. 9 shows the computed small-signal gain, KrF* produc- 
tion efficiency, total volumetric power density, and discharge: 
e-beam power enhancement factor conesponding to the condi- 
tions of Figs. 7 and 8. The KrF* production efficiency (TJ) as 
used here includes the quantum efficiency and as such repre- 
sents the fraction of the total power potentially available for 
conversion to optical power.   The enhancement factor (EF) 
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Fig. 9. Temporal variation of total electrical power density (Py), dis- 
charge: e-beam power enhancement factor (EF), small-signal gain 
(^o). and KrF* production efficiency (TJ) for the conditions of Fig. 7. 

is simply the ratio of the discharge power to that supplied by 
the e-beam. The data of this figure illustrate the high gain 
and remarkable rare-gas monohalide production efficiency 
characteristic of rare-gas halide lasers, KrF* in particular. 
Note, however, that although the power density is dominated 
by the discharge contribution (EF > 1), the enhancement fac- 
tor is very much lower than that typical of IR molecular lasers 
[9]. This is a direct consequence of the high e-beam power 
required to maintain the electron density at the necessary level 
in the presence of the enormous loss rate of electrons due to 
F2 dissociative attachment, a circumstance resulting in signifi- 
cant practical problems related to certain aspects of electron- 
beam technology. Furthermore, with a total electrical power 
density of approximately 100 kW • cm"', the rate of gas tem- 
perature rise is well over 100 K per /Lis. This factor, when con- 
sidered along with the rate of loss of fiuorine fuel due to dis- 
sociation (Fig. 7), estabhshes an upper limit for laser pulse 
duration which is on the order of a few ^is. 

Fig. 9 shows that the energy utilization efficiency associated 
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Fig. 10. Temporal variation of small-signal gain and absorption coeffi- 
cients for the conditions of Fig. 7. The KrF* stimulated emission 
cross section used was 2.4 X 10"'* V • cm^; and the absorption cross 
sections used for the species indicated were those reported in [32]. 
In this figure the notation RG refers to the combined effect of Ar 
and Kr. 

with KrF* production can be very high (~20 percent). How- 
ever, overall laser efficiency is also dependent on optical power 
extraction efficiency. Analysis shows that optical extraction 
efficiency can be significantly affected by the presence of elec- 
tronically excited and/or ion species which absorb at the UV 
laser wavelength [1], [32], even though the absorption coef- 
ficient (TO) niay be less than one-tenth as large as the gain 
coefficient. Indeed, it has been shown [1] that efficient opti- 
cal extraction requires tha' Jolgo <0.1. Presented in Fig. 10 
is the computed temporal variation of the total absorption 
coefficient at the KrF* laser wavelength (248 nm) conespond- 
ing to the conditions of Fig. 7. Also shown are the individual 
contributions from known absorbing species, computed on the 
basis of reported cross section data [32]. For the conditions of 
this example, photodissociation of F^ is obviously the domi- 
nant laser absorption process. However, the concentrations of 
ionic and excited species are subject to much greater variation 
than the F2 density, and their combined influence is very sig- 
nificant as indicated in Fig. 10. Analysis of optical extraction 
efficiency for the conditions of this figure yields a value of 
about 45 percent for an active medium length of 1 m. When 
combined with a KrF* production efficiency of 20 percent 
(Fig. 9), an electrical-to-optical conversion efficiency of almost 
10 percent is indicated, in accord with the highest experimen- 
tal values attained to date under similar conditions [1 ]. 

B. Dominant Processes 

As indicated in Section II, numerous processes must be con- 
sidered in the analysis of rare-gas hahde lasers. However, nu- 
merical experimentation shows that certain processes such as 
rare gas metastable loss tend to be dominated by a single reac- 
tion. Others such as KrF* formation and loss are affected by 
several reactions of approximately equal importance. Exami- 
nation of the relative importance of the various coupled reac- 
tions is useful and provides insight helpful to understanding 

IV' 

and improving rare-gas halide lasers. In the following para- 
graphs, the relative contributions to electron production, 
metastable and p state loss, and KrF* production and loss for 
the conditions of Figs. 7-9 will be discussed. 

Electron Production: Ideally, when electron-beam ioniza- 
tion is employed to provide a stable, large volume plasma 
medium, ionization is controlled entirely by the external ion- 
ization source, effectively decoupling electron production 
from other plasma properties. Such is the case in IR molecular 
lasers [9], for example, in which the mean electron energy re- 
quired for efficient vibrational excitation is much less than 
that for which electronic excitation and ionization become sig- 
nificant. However, in rare-gas halide lasers (and other excimer 
lasers as well) the mean electron energy required is several 
electron volts and the density of electronically excited species 
is high [9]. Given these circumstances along with the alkali- 
like structure of rare-gas metastables, significant ionization by 
low energy plasma electrons is usually unavoidable even when 
an external ionization source is used. 

Fig. 11 compares the various fractional contributions to 
electron production in a KrF* laser discharge operating under 
the conditions of Fig. 7. These results show that although ion- 
ization by the high energy c-beam is dominant, low energy 
electron impact ionization of rare-gas metastable atoms pro- 
vides almost 20 percent of the ionization, a contribution which 
increases significantly with time. Indeed, even ionization of 
argon and krypton p states is important for the conditions of 
this example. The nonnegligible contribution of ground state 
ionization is a direct reflection of the increase in the ionization 
rate coefficient caused by electron-electron collisions. 

The relative contributions to the ionization process as indi- 
cated by Fig. 11 are typical of the e-beam controlled rare-gas 
halide lasers that have been operated to date [1], [31], [33] - 
[35]. On the basis of these results, it is apparent that such 
discharges are actually of a hybrid nature in which substantial 
contributions to ionization are made by both high energy beam 
electrons and by plasma electrons. 

Metastable and p State Loss Processes: In e-beam controlled 
rare-gas halide discharges, production of rare-gas metastable 
atoms is dominated by a single process, electron impact excita- 
tion of ground state atoms. However, there are several reac- 
tions by which metastable atoms are lost. Fig. 12 presents a 
comparison of the Ar* loss processes for the conditions of 
present interest. The effect of coupUng between the metasta- 
ble and p states has been grouped as a single process as indicated. 
Thus, Ar**± Ar*(p) represents the net effect of electron exci- 
tation of the p states from the metastable states, and transi- 
tions back to the metastable states caused by both electron 
and neutral collisions and by radiative decay. This figure vividly 
iUustrates the dominance of the desired metastable-halogen 
reaction [25] and in part explains why the KrF* laser is so 
attractive. Although such selectivity is a requirement for effi- 
cient KrF* formation, a consequence of the dominance of the 
RG*-F2 reaction is that the metastable concentration is par- 
ticularly sensitive to the loss of F2 due to dissociation. Since 
metastable ionization makes a significant contribution to elec- 
tron production (Fig. 11), the increased metastable concentra- 
tion accompanying dissociative loss of Fj has a particularly 
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Fig. 11. Fractional contributions to electron production in an e-beam 
controlled KrP* laser discharge for the conditions of Fig  7    These 
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Fig. 12. Fractional contribution to argon metastable loss in an e-beam 
controllea KrF» laser discharge for the conditions of Fig. 7. 

serious effect on plasma stability, a topic which is discussed in 
a subsequent section. 

For the reasons discussed in Section II, knowledge of the 
processes by which rare gas p state atoms are lost is of consid- 
erable importance. There are numerous processes resuhingin 
the loss of p-state atoms including: electron superelastic col- 
lisions by which p-state atoms are converted back to metastable 
states with no net loss of electron energy, halogen reactions,^ 
quenching by neutrals which also results in metastable produc- 
tion [30], electron excitation and ionization, and spontaneous 
radiative transistions back to the metastable states. Presented 
in Fig. 13 are the relative contributions of these processes to 
the loss of argon p-state atoms. These results show that neutral 
quenching of p-state atoms by ground state rare-gas atoms is 
the dominant p-state loss process. Thus, p-state atoms pro- 
duced by way of electron collisions with metastable atoms are 
rapidly converted back to metastables by collisions with ground 
state atoms, with the result that this process has little net ef- 
fect on the density of metastable atoms. However, the elec- 
tron energy expended to produce p-state atoms from metasta- 
bles is converted to translational energy of neutrals. As long as 

In this analysis it has been assumed that p-state-Fj reactions result 
in RGF* formation and proceed at a rate equal to that of the corres- 
ponding metastable reaction. 
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METASTABLE FRACTION 

Fig. 14. Fractional loss of electron power resulting from the net effect 
of excitation and deexcitation of the rare gas p states in an Ar-Kr-F, 
(0.945-0.05-0.005) mixture. The fraction of p state atoms was 
maintained at a value one-tenth that of the metastable fraction for 
the purposes of this illustration. 

the electron energy loss associated with production of p-state 
atoms is not large the laser energy utilization efficiency is not 
greatly affected by this process. However, Fig. 14 shows that 
the fractional electron energy loss associated with p-state exci- 
tation depends directly on the metastable density and becomes 
very significant if the metastable fraction exceeds a value of 
approximately 3 X 10"^ 

KrF* Formation and Loss: The mechanisms responsible for 
rare-gas halide formation and loss have been the subject of ex- 
tensive experimentation and analysis [1], [5], [25], [27], 
[28]. As a result, the reactions of primary importance have 
been identified and a generally complete set of rate data is 
available for use in analyses such as that described herein. 
Figs. 15 and 16 present a comparison ofthe relative importance 
of KrF* production and loss for the conditions of Fig. 7. For 
the conditions of this example, the ArF*-Kr displacement 
reaction [5] dominates the formation of KrF*. Examination 
of Figs. 2, 12, and 15 reveals the direct, efficient channel of 
energy fiom the electrons to Ar* to ArF*, and finally to KrF*. 
For typical conditions, the energy channeled through the 
KrF* molecule represents between 20 and 30 percent of the 
total discharge energy (Fig. 9). Note, however, that both 
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Fig. 15. Fractional  contributions to KrF* production in an e-beam     Fig. 16. Fractional contributions to KrF* loss (in the absence of a radi- 
controlled laser discharge for the conditions of Fig. 7. ation field) for the conditions of Fig. 7. 

the contributions of positive ion-negative ion recombination 
and of the direct reaction of F^ with krypton metastables are 
also significant. The relative importance of the Kr*-F2 reac- 
tion will be even larger for values of Kr fractional concentra- 
tion larger than the 0.05 considered here. 

For the present case in which there is no optical field present, 
spontaneous decay and F^ quenching are both very important 
loss channels for KrF* as indicated in Fig. 16. However, three- 
body quenching by Ar and Kr are also very significant. Indeed, 
for somewhat higher Kr fractions and/or at pressures of a few 
atmospheres, three-body quenching becomes the dominant 
KrF* loss process. Under these circumstances the concentra- 
tion of the triatomic rare-gas halide Kr^F* approaches and 
even exceeds the KrF* density. 

Of particular interest is the fact that in e-beam controlled, 
discharge pumped lasers, no single process dominates either 
production or loss of the diatomic rare-gas hahde molecule. 
Of course, efficient laser operation requires conditions such 
that stimulated emission is the dominant KrF* loss process. 
With the ratio of gain to absorption (goho) having a value of 
about ten, analysis shows that efficient optical power extrac- 
tion requires an optical flux approximately twice the satura- 
tion level [1], the latter having a value of nearly 1 MW ■ cm"^ 
for the conditions of Fig. 16. 

C. F-i Dissociation 

The results and discussion presented above show that opti- 
mum conditions for efficient production of KrF* can be 
achieved in high-power e-beam controDed (or e-beam excited) 
lasers. In addition it is shown that F2 exerts a very important 
(indeed dominant) influence on the concentrations of electrons, 
metastable and p-state atoms, and rare-gas halide molecules. 
Thus, no single process exerts an influence on laser plasma 
conditions which is comparable to the effects of F2 dissocia- 
tion. Fig. 7 shows that substantial F^ dissociation can occur 
in a time less than 1 ps in e-beam controlled discharges. Al- 
though plasma conditions are quite satisfactory for the first 
0.5 lis, for this example (Fig. 9), as a result of dissociation, a 
substantial variation in properties occurs for times in excess of 
about 0.6 /IS, resulting in the occurrence of plasma instability 
shortly thereafter. 

The various contributions to F2 dissociation for these condi- 
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Fig. 17. Fractional contributions to F2 dissociation in an e-beam con- 
trolled KrF* laser discharge for the conditions of Fig. 7. 

tions are presented in Fig. 17. By far the most important fea- 
ture of this figure is its indication of the large number of differ- 
ent processes resulting in dissociation. Clearly, F2 dissociative 
reactions are of a fundamental nature in rare-gas halide lasers. 
Indeed, because of the large number of reactions involved, 
numerical experimentation shows that the quasi-steady plasma 
properties discussed in previous paragraphs are relatively insen- 
sitive to variations in the rate coefficients used for the reactions 
indicated in Fig. 17, within known limits of uncertainty. 
However, since ionization resulting from low energy electron 
impact is always important (Fig. 11) for the conditions of 
primary interest, the plasma is only marginally stable. For this 
reason, the time at which instability actually occurs can vary 
significantly in response to changes in the F2 concentration. 

D. Plasma Instability 

For the electrical power density values required for optimum 
laser performance, the loss of F2 due to dissociation, along 
with gas heating, establishes a maximum limit for discharge 
pulse length which is on the order of a few /is. However, the 
occurrence of plasma instability (current runaway) in a much 
shorter time actually determines the maximum attainable 
pulse duration in e-beam controlled rare-gas halide lasers [1], 
[31], [33]-[35].   For this reason, plasma instability plays a 
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uniquely important role in determining the experimentally ac- 
cessible range of laser discharge operating parameters,especially 
discharge: e-beam power enhancement factor [1] (Fig. 9). 

Electron Density Growth: Completely self-consistent anal- 
ysis of rare-gas habde laser stability is a formidable problem, 
requiring consideration of the temporal response of the elec- 
trons, ions, and several excited species to disturbances in plasma 
properties. However, the mode of instability leading to cur- 
rent runaway in rare-gas halide discharges has been identified 
as ionization instability [1], [31], [36], [37]. This instabil- 
ity is a manifestation of temporal amplification of electron 
density disturbances. Therefore, useful insight can be obtained 
by consideration of the time dependent electron conservation 
equation alone. For the present purpose, this equation may be 
expressed in the form 

Bx 10' 

-^-nS^ n^nki + n,n*kf + «,n*(p)*f(p) - n^n^k^ 

0) 
where ng, n, n*, n*(p), and /ip^ are the densities of electrons, 
ground state neutrals, metastables, p-state atoms and Fj, re- 
spectively, S is ionization rate due to the external source, and 
ki, kf, and kf{p) are the rate coefficients for ionization of 
ground state atoms, metastable atoms, and p-state atoms (Figs. 
3-6), and kg is the F2 attachment rate coefficient. If it is 
assumed that excited species respond to disturbances on a time 
scale which is shorter than that of the electrons,* and that 
electron density disturbances vary as exp (vt), application of 
first-order perturbation theory results in the following approx- 
imate expression for the maximum growth rate of electron 
density disturbances: 

V ^ nki (1 + ^ ^) + 2n*kr + 3«*(p)/cf(p) - n^k,.   (2) 

The first term on the right-hand side is the contribution of 
ground state ionization; thus the term (a/A:,)3/:,/da is a dimen- 
sionless quantity of order unity which reflects the variation in 
the ionization rate coefficient with changes in fractional ion- 
ization a (Fig. 4). The second and third terms reflect the in- 
fluence of metastable and p-state ionization, respectively, the 
factor-of-two arising because the metastable concentration 
varies as the square of the electron density, and the factor-of- 
three because the density of p-state atoms varies as the cube of 
the electron density. In order to ensure stabihty (i; < 0, elec- 
tron density disturbances damped), the attachment term n^r k^, 
must always be larger than the combined contributions to (2) 
from the various ionization processes. 

Presented in Fig. 18 are the temporal variations of the domi- 
nant contributions to (2) for the conditions of Fig. 7, i.e., ex- 
cited state ionization and attachment to Fj (in the ground 

Although electrons and metastable atoms often respond to distur- 
bances on the same time scale, the approximation that perturbations in 
the metastable concentration are quasi-steady significantly simplifies 
analysis, thereby facilitating development of insight as regards the causes 
of ionization instability. 
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Fig. 18. First-order contributions to the growth (or damping) rate of 
electron density disturbances resulting from ionization of Ar and Kr 
excited states and from dissociative attachment to Fj in the ground 
vibrational state for the conditions of Fig. 7. 

vibrational state). Initially, conditions kre such that the con- 
tribution due to ionization from excited states is safely below 
that due to attachment, the latter effectively balanced by ion- 
ization provided by the external source (Fig. 11). However, 
as the Fj concentration decreases as a result of dissociation, 
this situation changes significantly with ionization from excited 
states increasing by about a factor of two in only a few tenths 
of a /is. Thus, the criterion for ionization stabihty (i'<0) is 
quickly violated, usually in a time less than 1 PLS after discharge 
initiation. 

Although the stabilizing influence of attachment is initially 
about twice as large as the terms due to ionization [(2), Fig. 
18], the effects on electron density growth of attachm.ent and 
ionization become equal (u = 0) as a result of only 25 percent 
Fj dissociation (Fig. 7). Analysis of the factors contributing 
to (2) shows that the ratio of the ionization terms (destabiliz- 
ing) to the attachment term (stabilizing) varies approximately 
as np^. For this reason, whenever ionization from excited 
states becomes significant (>10 percent) relative to that pro- 
vided by the e-beam, plasma stability is exceptionally sensitive 
to the loss of F2. 

Current Runaway: The temporal evolution of discharge cur- 
rent density prior to instability onset and the time at which 
current runaway actually occurs are both very sensitive to the 
discharge Ejn value. Fig. 19 presents computed current den- 
sity profiles for various Ejn values and conditions otherwise 
similar to those discussed previously. The discharge: e-beam 
power enhancement factor at the leading edge of the pulse is 
also indicated. Although the current density is uniform and 
the plasma is stable for over 1 ^is at an Ejn value of 1.0 X 10"'* 
V- cm^, at this value the power enhancement factor is only 
about two. That is, about \ of the total power is provided by 
the e-beam ionization source just to maintain the electron den- 
sity at the required level. Increasing Ejn results in a substan- 
tial increase in the discharge power, and therefore in the en- 
hancement factor as is desired. However, Fig. 19 shows that 
this is accomplished at the expense of stable discharge dura- 
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Fig. 19. Temporal variation of discharge cunent density for various 
Ejn values and conditions otherwise the same as Fig. 7. The indicated 
values of discharge, e-beam power enhancement factor refer to the 
time 0.1 MS after discharge initiation. 

tion. For Ejn values of 1.2 X 10"'* V • cm'' and higher, cur- 
rent density runaway occurs in a time less than one us as is 
evidenced by a rapidly increasing current density derivative. 

Instability Onset Time: Presented in Fig. 20 is the Ejn de- 
pendence of the time at which the computed current density 
runaway occurs as determined by the present kinetic model 
for KrF* laser conditions. Instability onset time determined 
on this basis is directly comparable with experimental observa- 
tion of current runaway; and, the computed current runaway 
time presented in this figure is found to be in good agreement 
with measured values [31]. Since current runaway is particu- 
larly sensitive to the concentration of rare-gas excited states, 
for which there is no direct experimental measure, agreement 
between calculated and measured current density profiles 
serves as a check on the accuracy of the former. Also shown 
in Fig. 20 is a dashed curve representing the time after discharge 
initiation at which the theoretical criterion for ionization in- 
stability is first satisfied (i; = 0). This time was determined by 
computing the instability growth (or damping) rate using time 
varying plasma conditions to evaluate (2). For low values of 
E/n the plasma is stable for a relatively long time (~1 fjis). Un- 
der these conditions, the computed instability onset time based 
on the theoretical criterion (v = 0) and on the current runaway 
time as determined from the complete kinetics calculation are 
essentially equivalent, reflecting the very short time (<100 ns) 
characterizing ionization growth after the initiation of instabil- 
ity.^ As £/« is increased, the time characteristic of stable dis- 
charge duration (u<0) is reduced dramatically, approaching 
zero for E/n values only slightly higher than those shown in 

- 

1 1        1       T 1 1 1 r 

> 
* ■    . 

■ . 

1.0 r 

•! X ,^                 j    •! DISCHARGE CURRENT 
^v,^        /               DENSITY RUNAWAY 
^ \/               (dJ / di (1 

^\ 
- 

\     \ - 

0.10 r 

\        \ 
\          \ 

b) TIME AT WHICH    /         v                    \ 
UNSTABLE IONIZATION        \                     ^ 
GROWTH BEGINS ll-01            \ 

- 

\ _ 

0.01 

EF 
eon 

1 

2 3                       5                       10              . 

1      i     ,            ,     i     1            1     i     ,         ', 

- 

0.8 1.6 1.8 

On the basis of this comparison it can also be concluded that the 
factors dominating ionization instability in rare-gas halide lasers are 
reasonably represented by the approximate expression for the instabil- 
ity growth rate given in (2). 
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Fig. 20. E/n variation of the time after discharge initiation at which 
numerically determined current runaway begins (curve a); and at 
which exponential growth of electron density disturbances begins, 
i.e., ionization instability (curve b). In the evaluation of curve b(v = 
0) ionization of ground state atoms and attachment of vibrationally 
excited Fj were taken into account. These results correspond to the 
conditions of Fig. 7. 

the figure. That is, for high Ejn values, the plasma is unstable 
practicaDy from the time of its initiation, based on the criterion 
that V be less than zero to ensure stabihty. However, Fig. 20 
shows that the a;tual occurrence of current runaway ai high 
E/n values is delayed by a time which is approximately equal 
to the ionization growth time, ~(«*^f)"'. Nevertheless, for 
the conditions considered here, the duration of the excitation 
pulse for which the energy enhancement factor can be main- 
tained at a level near ten is limited to approximately 0.1 us as 
a result of ionization instability. 

rv. SUMMARY AND DISCUSSION 

The analysis and discussion of the preceding sections focuses 
attention on the relationship among the numerous processes 
contributing to the formation and loss of the KrF* molecule 
in an electron-beam controlled discharge. Therein it is shown 
that KrF* can be produced with an efficiency of 20 percent 
using this scalable excitation technique. In addition, krypton- 
monofluoride densities in excess of 10'" cm"' are readily at- 
tained which, when combined with a stimulated emission 
cross section of about 2.4 X 10"" cm^, results in a gain coef- 
ficient of about 1 percent cm"'. Thus, it can be concluded 
that KrF* kinetic processes are generally very favorable for 
efficient laser operation under conditions typical of near at- 
mospheric pressure electron-beam controlled discharges. 

The plasma required to achieve optimum KrF* laser excita- 
tion is characterized by a mean electron energy of several 
electron volts, a fractional ionization greater than 10"*, and 
a fractional metastable concentration in excess of 10"^. Sec- 
tion II shows that under these conditions electron-electron col- 
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lisions and electron collisions with excited atoms have a very 
important effect on plasma processes. Further, it is shown that 
numerous reactions, including rare-gas halide formation, result 
in dissociation of the fluorine fuel molecules. Since reactions 
between halogen molecules and both metastable atoms and 
electrons exert a controlling influence on the population of 
these species, dissociation of Fj results in significant changes 
in plasma properties. Indeed, the results presented here show 
that as a resuh of F2 dissociation, KrF* laser properties are 
continuously changing from the time of plasma initiation until 
termination due either to the onset of instability or to critical 
loss of Fj. For values of discharge: e-beam power enhance- 
ment greater than about three, results obtained to date have 
shown that plasma instability hmits maximum laser pulse dura- 
tion to a time less than 1 us (Figs. 19-20). However, with E/n 
values corresponding to enhancement factors in the 2-3 range, 
laser pulses of about 1 /.ts have been achieved [1], with even- 
tual loss of Fj being the factor hmiting pulse duration. This 
general behavior is typical of all electron-beam controlled rare- 
gas habde lasers [1], [35] and of the closely related mercury- 
halide [38] lasers as well. 

Based on the good agreement between measured and pre- 
dicted laser characteristics, it is reasonable to conclude that 
the dominant reactions influencing rare-gas halide formation 
and loss have been identified and that a satisfactory data base 
exists. However, operational experience with rare-gas halide 
lasers has, for the most part, been limited to single pulse exper- 
iments [1]. Practical implementation of this unusually prom- 
ising class of high-power lasers requires dependable, repetitive 
pulse operation using a flowing, recirculating gas mixture. In 
addition, many applications will require electron-beam con- 
trolled discharge excitation under conditions such that the 
e-beam power is a relatively small fraction (<0.1) of the dis- 
charge power. Past experience with IR molecular lasers indi- 
cates that the major obstacles to achieving these objectives will 
be related to plasma chemical processes and discharge stability 
[39]-[41]. Solution of these formidable problems will require 
substantial additions to the existing body of knowledge per- 
taining to rare-gas halide kinetics. Aside from the primary reac- 
tions directly involved in rare-gas halide molecular processes, 
very little data exist for reactions between halogen molecules 
(and atoms) and discharge species. For example, there is little 
or no information pertaining to the reaction of either F atoms 
or Fj with rare-gas excited states, electrons, or ions [42]. 
While reactions of this type may play only a secondary role in 
rare-gas monohalide molecule formation and loss as it occurs 
in a single pulse experiment, they are certain to exert an im- 
portant influence on the chemistry of closed-cycle, repetitive 
pulse lasers. 

Analysis of positive ion reactions in rare-gas halide plasmas is 
based almost entirely on the premise that rare-gas monomer 
and dimer ions are dominant. However, in addition to these 
ions, rare-gas trimer ions, heteronuclear rare-gas dimer ions, 
and rare-gas halide ions are Ukely to be present in significant 
concentrations (> 10 percent). It is known that relatively small 
concentrations of complex ions can significantly influence 
plasma properties [43] (especially stability [41]) because of 
their unusually large electron recombination coefficients [44]. 

IV- 

In addition, positive ions play a unique role in rare-gas halide 
lasers as a consequence of their direct involvement in rare-gas 
halide formation [1], [5] and because they absorb radiation 
at the laser wavelength [32], [45]. For these reasons, im- 
proved knowledge of ion reactions at high pressure and low 
temperature is also of importance, especiaOy under closed- 
cycle conditions for which the concentration of neutral species 
produced by plasma-chemical reactions is likely to become 
substantial. 

Experimental verification [1] of the high energy conversion 
efficiency predicted for the KrF* laser represents a significant 
milestone in the development of a scalable, high power UV 
laser, and provides impressive evidence that conditions opti- 
mum for efficient laser excitation can be created in a high 
pressure, chemically active plasma. However, it has also been 
found that it is exceptionally difficult to maintain the desired 
plasma properties in a stable, long pulse (~/LIS) discharge be- 
cause of significant changes in the gas mixture arising from the 
rare-gas halide formation process itself. As these systems are 
scaled for applications requiring high average power, difficul- 
ties arising from this circumstances will certainly become more 
pronounced. For this reason, it is clear that future efforts 
must be directed toward identification of the dominant ion 
and neutral chemical reactions occurring under the plasma 
conditions to be encountered with closed-cycle, respectively 
pulsed rare-gas halide lasers. 
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Influence of molecular dissociation and degree of ionization 
on rare gas-halide laser properties'^ 

Wiiliam L. Nighan 

United Technologies Research Center, East Hartford, Connecticut 06108 
(Received 29 September 1977; accepted for publication 20 December 1977) 

The influence of Fj dissociation and the accompanying increase in fractional ionization is examined for 
conditions typical of electron-beam-sustained KrF* lasers. It is found that for electron-density-Fj-density 
ratios greater than about 10"', rare-gas metastable loss due to electron excitation of higher levels begins 
to compete significantly with metastable-Fj reactions, thereby leading to a substantial reduction in rare 
gas-halide production efficiency. 

.   PACS numbers: 42.55.Hq, 52.25.-b, 34.80.Dp 

Numerous processes contribute to dissociation of the 
halogen-bearing molecule in rare gas—halide lasers. * 
In long-pulse (~ 1 Msec) or high-power-density (> 100 
kW cm"'') lasers the reduction in halogen molecule den- 
sity can be substantial (> ID'S). Two of the most sig- 
nificant effects accompanying dissociation are (1) an in- 
crease in the rare-gas metastable density due to a 
decrease in the rate of reactions with the halogen 
molecule and (2) an increase in the electron density 
due to the combined effects of reduced attachment loss 
and increased ionization from rare-gas metastable 
states. In the present paper the influence of these 
coupled processes on gain and rare-gas-halide produc- 
tion efficiency is examined for conditions representative 
of electron-beam-sustained KrF* laser discharges.^ 

In order to evaluate the effect on laser discharge 
properties of temporal changes in plasma processes, 
a numerical kinetics model was developed following 
procedures generally similar to those described else- 
where, ^'^'^ with the following exceptions: (1) In the 
present analysis the effects of direct electron impact 
dissociation and vibrational excitation of F2 were taken 
into account* and (2) the effects of electron-electron^ 
and electron-ion collisions were included in the calcula- 
tion of the electron distribution function and all elec- 
tron rate coefficients. 

For atmospheric-pressure mixtures of Ar, Kr, and 
Fj in which the fractional concentration of Ar is approx- 
imately 0. 95, on the order of 50*^ of the total electri- 
cal power is utilized in the production of argon metasta- 
ble states.'"'' The metastable atoms so produced engage 
in numerous reactions, with the primary reaction se- 
quence leading to KrF* formation,* e.g., 

Ar*-HF2-ArF*-HF, 

ArF*-HKr-KrF*-HAr. 

For optimum discharge conditions studies show that 
this energy pathway can be very efficient with as much 
as 209c, of the total power available for conversion to 
optical energy. However, the present analysis indicates 
that significant changes in the nature of rare-gas 
metastable loss accompany the decrease in F2 concen- 
tration due to dissociation.  Presented in Fie.  1 are 

"'Portions of this work were supported by the Office of Naval 
Research. 

computed time-dependent fractional contributions of 
various argon metastable loss processes in an atmo- 
spheric-pressure electron-beam-sustained KrF* laser 
discharge. In this example,  the electron-ion pair 
production rate by the electron beam was set so as 
to produce an initial electron density of approximately 
10'' cm"^.  For these conditions the power input from 
the e-beam was about one-third of the total power, i.e. 
the discharge enhancement factor was approximately 3. 
The results of Fig.  1 show that the two primary loss 

1.0 

10-1 

10- 

10- 

e + Ar*-^Ar'(p) -> e 

Ar* ♦ Kr-.-Kr'(p! * Ar 

Ar' + 2Ar-»Ar2" + Ai   _J 

e + Ar'-—Af    + 2e 

10-' 

0.2 O'l 06 
TIME t/isecl 

0.8 1.0 

0.003 

,^n-6 5 6 7     8x10"^ 
FRACTIONAL IONIZATION 

FIG.  1.  Fractional contributions to argon metastable atom 
loss processes in an eleetron-beam-sustained atmospheric- 
pressure discharge with an E/ti value of 1.2>. 10"'^ V cm-. 
For these conditions the gas mixture was composed of 
Ar-Kr-F; (0.9.5-0.05-0.003.) and the e-beam electron-ion pair 
production rate was 250 sec"'. 

424 Appl. Phys. Lett. 32(7), 1 April 1978 0003-6951/78.'3207/0424S00.50 

IV-16 
© 1978 American Institute of Physics 424 



TABLE I.  Fractional contributions to Fj dissociation for the 
conditions of Fig.  1. ___^ 

Attachment e-F^-F + F-             0.14 
Direct dissociation e + Fj —2F + <'              0.36 
ArF* production Ar* + F2 —ArF*+F   0.28 
KrF* quenching by KrF* + F2                     0.12 

F2 — products 
Other processes 0.10 

1.00 

processes controlling the density of argon metastables 
are the desired Fj reaction resulting in ArF* .forma- 
tion and electron excitation of the metastables to the 
rare-gas p states.' For times up to about 0. 4 /isec 
Fig.  1 shows that/)-state excitation is not particularly 
significant. However, for longer times electron excita- 
tion of metastables to higher states becomes very im- 
portant. This trend is a direct consequence of the de- 
crease in Fj concentration due to dissociation which, in 
turn,  results in an increase in electron density. Since 
the Ar*-F2 reaction is a binary process and since the 
electron-Ar* />-state excitation rate is very weakly 
dependent on E/n, the increasing importance of /)-state 
excitation relative to ArF* formation depends almost 
solely on the relative concentrations of electrons and 
F2 molecules. Note that the electron-density—Fj- 
density ratio, which is also shown in Fig.  1, increases 
by almost a factor of 5 in 1 ^isec. Based on these con- 
siderations the results of Fig.  1 show that metastable 
loss due to p-state excitation begins to compete sig- 
nificantly with ArF* formation for [(?][F2]"' ratios great- 
er than about 10'^ 

It is worth pointing out that in this example the initial 
power density level is only about 70 kW cm"', a value 
not much higher than the measured^ 20-kW cm"' laser 
threshold levels.  Further, Table 1 shows that there are 
several processes contributing to F2 dissociation, any 
one of which would lead to substantial dissociation on 
a Msec time scale. Thus, dissociation of the halogen- 
bearing molecule appears to be of fundamental impor- 
tance for conditions typical of rare gas—halide lasers. 
In this regard it is interesting to note that when Fj is 
used as the source of fluorine, dissociation results in 
the gradual elimination of the molecular attaching 
species. Thus, the resultant effect of dissociation on 
electron density and electron energy kinetics* will be 
a maximum if a diatomic source of fluorine is used. 
If a polyatomic fluorine molecule is used, reactions 
of the type listed in Table 1 still occur, but they do not 
appreciably affect the total molecular density, so that 
the kinetic feedback effects of dissociation on the elec- 
trons should be much less. This suggests that more- 
stable lor^er-pulse discharges may be attainable using 
polyatomic sources of F rather than F2. 

The potential significance of the effects discussed 
above is vividly illustrated by the results presented in 
Fig.  2. This figure shows the E/n dependence of gain 
and KrF* production efficiency at a time 0. 5 fxsec after 
discharge initiation. In this example the production 
rate of electrons by the electron beam was varied from 
125 to 500 sec"* resulting in an increase in the initial 
electron density from approximately 5x 10*" to 2x 10 "" 

cm"^; all other parameters including the initial Fj con- 
centration were held constant. For fixed E/n values 
below about 1. Qx 10"" V cm^ the gain increases and 
KrF* production efficiency decreases as S^ is in- 
creased, reflecting the effect of increased electron 
density relative to that of the F2. As the electron den- 
sity increases, the increased electron pumping rate 
results in an absolute increase in the densities of both 
the rare-gas metastables and KrF* as reflected by 
the higher gain. However, the overall energy utiliza- 
tion efficiency is reduced because electron excitation 
of rare-gas metastables to higher levels begins to com- 
pete with the metastable-F2 reaction leading to ArF* 
(Fig. 1). Thus, T) decreases as S^ is increased. For a 
fixed value of the electron-beam ionization rate, in- 
creasing E/n initially results in a substantial increase 
in both gain and KrF* production efficiency due to the 
strong dependence of rare-gas metastable production 
on E/n. However, for E/n values greater than about 
(1. 0—1. 2)x 10"*^ V cm^ the combined influence of in- 
creased electron production due to metastable ioniza- 
tion and decreased attachment loss accompanying F2 
dissociation results in an electron density increase. 
The effect of the resultant increase in the ratio [eJlFj]"* 
is reflected by a sharp decline in 77 as rare-gas />-state 
excitation becomes an important loss of metastables 
relative to ArF* formation. 

0.8        1.0        1.2        1.4 
E/n(10-l6 Vcm2 ) 

FIG. 2.  Computed E/v variation of small-signal gain and 
KrF» production efficiency for the conditions of Fig.  1 and 
three values of the e-beam production rate.  These results 
correspond to conditions 0. 5 fjsec after discharge initiation. 
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FIG. 3.  Temporal variation of small-signal gain and 
production efficiency corresponding to the conditions of Fi 
2 and an £ n value of 1. 0 >c 10"'' \' cm'. 

The previous discussion is based on the assumption 
that electron excitation of rare gas metastable atoms to 
the p states results in an unrecoverable loss of energy 
and of useful excited species, a conservative point of 
view. However, even if Ar and Kr p states react with 
Fj to form ArF* and KrF*, or if electron and heavy 
particle deexcitation of />-state atoms results in re- 
population of metastable states, the 1.5-2.0-eV elec- 
tron energy loss accompanying />-state excitation from 
metastable states can be substantial.'-^ Indeed, for 
metastable fractional concentrations greater than about 
10" /)-state excitation is the dominant electron energy 
loss process. 

The results of this analysis indicate that for Fj frac- 
tions corresponding to a few tenths of a percent, gen- 
eration of efficient stable long-duration (~ 1 jLisec) rare 
gas—halide laser discharges requires that the fractional 
ionization be maintained at a level no higher than ap- 
proximately 5x10"-.  For values of fractional ionization 
of 10"'' and above, the selectivity of energy transfer 
from the electrons through the rare gas metastable 
states to the rare gas—halide excimer states is sub- 
stantially reduced. In addition, for values of fractional 
ionization above this level electron-electron collisions 
influence the high-energy region of the electron dis- 
tribution function, ^ resulting in a very significant in- 
crease in the rate of ionization of atoms from their 
ground state. This effect contributes to the premature 
occurrence of instability in electron-beam-sustained 
rare gas—halide laser discharges. 

It is a pleasure to acknowledge the helpful comments 
of R. T. Brown, R. J. Hall,  andL.A. Newman. 

For purposes of comparison Fig.  3 shows the 
temporal variation in 77 and g^^ at a fixed E/n value of 
1. OX 10-" V cm^  For an S^ value of 125 sec"' the total 
power density is approximately 35 kW cm"^ in this ex- 
ample, and both the fractional ionization and F, fraction 
remain sensibly constant at their respective initial 
values of 2 X lO"*^ and 0. 005 ([cliFj]"' < 10"^).  For this 
reason both the gain and KrF* production efficiency 
exhibit little variation on a Msec time scale. This is in 
sharp contrast to the 77 and ^0 temporal variation when 
S£ is increased to 500 sec"'. In this situation the frac- 
tional ionization and Fg fraction change from their 
initial values of 8X10"^ and 0.005 to 1.4x10"^ and 
0. 003 in the first 0. 6 ^isec.  There results an increase 
in the power density from 155 to 260 kW cm"", leading 
ultimately to plasma instability at approximately 0. 75 
Msec. The corresponding increase in the ratio [rJiFj]"' 
from 1. 6x IQ-^ to 4. 7x 10"^ explains the precipitous 
temporal decline in KrF* production efficiency. 

297 (1978). 
Phvs.  Lett. 31,  106 

Dodge,  Appl.   Phys. 

'\V. L.  Nighan,  Appl.  Phys.   Lett.  32, 
'C.H.  Fisher and R.E. Center,  Appl. 
(1977). 

'j.H. Jacob and J. A. Mangano,  Appl.  Phvs.  Lett. 28,  724 
(1976). 

■•j.A. Mangano, J.H. Jacob,  andJ.E. 
Lett. 29, 426 (1976). 

Hv.H. Long,  Appl.  Phys. Lett. 31,  391 (1977). 
^]M. Rokni, J.H. Jacob,  and J. A. Mangano,  Phys. Rev.  (to    . 
be published). 

'in this analysis the rate coefficient for the reaction Ar* - Fj 
— ArF* + F was taken as 7. 5 xlO"'" sec"' cm- [J.E. Velazco, 
J.H, Kolts andD.W. Setser, J. Chem. Phys, 65, 346S 
(1976)], and the effective rate coefficient representing the 
net effect of electron excitation and deexcitation of Ar' to and 
from the p states was taken as 2, 0 xlO"' sec"' cm\ [See J. L, 
Delcroix, CM. Ferreira, and A. Ricard, vi\ Principles of 
iMscr Plasmas, edited by G. Bekefi (Wiley, New Voi-k, 
1976)], 
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Instability onset in electron-beam-sustained KrF* laser 
discharges'^ 

Robert T. Brown and William L Nighan 

United Technologies Research Center, East Hartford, Connecticut 06108 
(Received 2 February 1978; accepted for publication 21 March 1978) 

Measurements of instability onset in a spatially uniform electron-beam-sustained KrF* laser discharge 
have shown that the time at which instability occurs decreases from about  1  to 0.1  fisec as E/n is 
increased in the range required for efficient laser operation. This finding is in good agreement with 
computed ionization instability onset times determined on the basis of a comprehensive model of the 
discharge. 

PACS numbers: 42.55.Hq, 52.35.Py, 52.80.-s 

It has been shown''^ that the performance of the KrF* 
laser can be improved by operating with electron-beam- 
sustained discharge pumping rather than with electron- 
beam pumping alone. Studies'"'' have also indicated that 
the occurrence of discharge instability plays an impor- 
tant role in determining the accessible range of operat- 
ing parameters for such discharges, thereby exerting a 
direct influence on the overall performance of a given 
laser system. In order to obtain a better understanding 
of the factors leading to discharge instability, we have 
made detailed measurements of several electron-beam- 
sustained KrF* discharge properties and have compared 
the results with predictions of a comprehensive kinetic 
model. While specifically applicable to externally sus- 
tained discharges, the results yield considerable in- 
sight and information relevant to the operation of uv- 
preionized self-sustained discharges as well. 

•'Portions of the analytical work presented here were sup- 
ported by the Office of Naval Research. 

The experiments were carried out using a 1.5 cm 
X2 cmX50 cm active volume under conditions typical 
of those corresponding to optimum KrF* laser opera- 
tion. Discharge pulse length could be varied for times 
up to 1.0 pisec. Great care was taken in designing the 
experiment so as to maximize spatial and temporal 
uniformity of the discharge electric field and of the 
electron-beam power deposition. The electron beam 
was produced by a cold-cathode dioie operated with a 
nearly constant 300-kV l-/isec pulse and a slowly 
increasing current pulse. The discharge voltage was 
supplied by a low-inductance capacitor circuit. This 
circuit was switched on 70 nsec after the start of the 
electron-beam pulse and produced a temporally uniform 
800-nsec voltage pulse, which was terminated 130 nsec 
prior to the end of the electron-beam pulse. Experi- 
mental diagnostics included measurements of the elec- 
tron-beam voltage and current, discharge voltage and 
current, discharge fluorescence intensity, and time- 
integrated photographs of the discharge volume. In 
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addition, lasor cavity experiments were carried out 
over a range of parameters. 

The discharge cell was constructed using stainlesr, 
steel, aluminum, and Lucite; Vi.'on 0-rings were used 
throughout. A flat stainless-steel screen was used as 
the discharge cathode and the anode was a Rogov/ski- 
profiled aluminum electrode located 1.5 cm from the 
cathode. The electron-beam window was an unsupported 
1-mil titanium foil 1.5 cmxso cm in cross section 
located 0.64 cm behind the discharge cathode screen. 
Prior to filling with the working gas mixture, the cell 
was fluorine passivated and was then evacuated to 10"' 
Torr, using a Vaclon pump. The working gas mixture 
was premixed in a passivated stainless-steel gas- 
handling system and was replaced after each shot. 

Total discharge current was measured by monitoring 
the voltage drop across a series resistor, and the dis- 
charge voltage was measured using a low inductance 
voltage divider connected directly across the discharge 
electrodes. The KrF* fluorescence at 248.5 nm was 
monitored using a fast photodetector (<5 nsec rise time) 
with a narrow-band (8-nm half-width) filter centered at 
248 nm. 

Prior to carrying out discharge experiments, a 
number of tests were performed in order to character- 
ize the electron beam. The diode voltage was monitored 
using an ammonium chloride voltage divider probe and 
the total diode current was monitored using a B-dot 
loop. The electron-beam intensity was measured using 
both rose cinemoid film and a small scanning Faraday 
cup and   was found to be uniform along the 50-cm 
dimension to within ±5^;. Measurements in air at 1 atm 
and at a distance 2 cm from the foil window showed 
that the transverse beam intensity profile was nearly 
Gaussian, with a half-width of 2.0 cm. In addition, 
measurements were made in argon at 1 atm with a 1- 
cm-diam Faraday cup placed 0.7 cm from the dis- 
charge cathode screen. These measurements showed 
that the current density increased linearly by approxi- 
mately 509( during the l-^sec pulse and showed small 
(±159?) fluctuations on a fast time scale (<50 nsec). 
The measured current density in argon was used to 
estimate the local electron-beam power deposition by 
using tabulated stopping powers'* increased by a factor 
of 2.5 to account for multiple scattering effects.' 

In order to identify and understand the primary 
collisional reactions occurring in the high-pressure 
(-1 atm) highly ionized («,/«-10"*-10"') highly excited 
(w*/«~10"'—10'^) plasmas of interest, a comprehensive 
numerical model of the temporal evolution of excited 
species and discharge properties was utilized.^ Based 
on the computed temporal variation of plasma proper- 
ties, the ionization instability growth (or damping) rate 
could then be determined for comparison with experi- 
ment using procedures generally similar to those 
described elsewhere.' 

Typical experimental results, obtained for discharges 
in a mixture of 94.5'rc Ar, 5.0':'^ Kr, and 0.5';( 7, at a 
total pressure of 1 atm, are shown in Fig. 1. For each 
shot, the electron-beam power deposition (at 0. 5 jiisec 
and at the center of the discharge volume) was 20 kW,' 

cm% and the electron-beam pulse duration and the dis- 
charge voltage pulse duration (i.e. , the time between 
switch-on and switch-off) were held fixed at 1.0 and 
0.8 Msec, respectively. The electron-beam voltage and 
electron-beam current traces indicated a shot-to-shot 
variation in beam properties of less than ± 5*^ . Exami- 
nation of the oscilloscope traces presented in Fig. 1 
shows that for E/n values below l.OxiO"'* Vcm^ in 
this mixture, the discharge was stable for the full 800 
nsec of the applied voltage pulse. However, as the 
E/ti value was incrementally increased in the range 
1.0X10-" to 1.8x10"''^ Vcm^ discharge instability 
was observed as indicated by the sharp drop in dis- 
charge voltage and KrF* fluorescence, and by the 
sharp rise in discharge current. Figure 1 shows that 
the instability onset time decreased from approximate- 
ly 750 to 120 nsec as £/K was increased. Photographs 
indicated that in each case in which instability occurred 
during the pulse, one or more large-volume (~1 cm 
wide) arcs were present and were centered with respect 
to the transverse (i.e. , 2 cm) electron-beam 
dimension. 

Measured and computed values of discharge current 
density at times prior to the occurrence of instability 
were found to be in good agreement. In addition, the 
qualitative trends exhibited by the experimental traces 
in Fig. 1 were also observed in the calculated current 
density curves in that for each value of E/n, a time 
was reached at which current runaway occurred. Over 
the E/n range from l.OxiQ-'Uo 1. 8x lO""'V cm^ for 
which the average discharge power enhancement rela- 
tive to that of the electron-beam alone increased from 
2 to approximately 6 during the stable portion of the 
discharge, the KrF' fluorescence enhancement mea- 
sured relative to that of pure electron-beam pumping 
was found to vary from 2.1 to 3.5 (Fig. 1), a finding 

DISCHARGE VOLTAGE       DISCHARGE CURRENT    KrF" FLUORESCENCE 

J=28 A.'OT 2 

0.5   //S/div 0.5   <;S,'div 0.5 ^S/div 

FIG. 1. Discharge voltage, discharge current, and KrF* flu- 
orescence oscillograms for a range of driver charge voltages 
V^, and an Ar(0. 945)—Kr(0. 050)—r2(0. 005) mbrture at a pres- 
sure of 1 atm. 
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E/n[10"''^V-c 

FIG. 2. Instability onset time versus discharge £/H for the 
conditions of Fig. 1. For EA;= 0.88 xlQ-l V cm^ the measured 
onset time exceeded the duration of the applied voltage pulse. 
The solid cur\'e refers to the time at which runawaj- of the 
computed current densitj' occurred, while the dashed curve re- 
fers to a self-consistent computation of the ionization instabil- 
ity boundarj' (i^ = 0) as discussed In the text. 

which was also in good agreement with predictions of 
the theoretical model. 

Shown in Fig. 2 is the variation of instability onset 
time with E/n. The experimental points correspond to 
the time at which the discharge current was first ob- 
served to increase sharply as indicated by the oscil- 
lograph traces presented in Fig. 1. The solid curve in 
Fig. 2 corresponds to the instability onset time as 
evidenced by the occurrence of a sharp rise in the com- 
puted discharge current density. Thus, the time of 
instability onset determined numerically on this basis 
is directly comparable to the experimental data and, 
as seen in Fig. 2, the solid curve is in good agreement 
with the experimental data. 

Plasma instability, as indicated by the occurrence of 
current runaway in rare gas—halide discharges, is a 
manifestation of temporal amplification of electron den- 
sity disturbances, i.e., ionization instability. The 
cause of this mode of instability can be readily appre - 
ciated upon examination of an approximate expression' 
for the instability growth rate v, i.e., 

•2n*kt (1) 

where n* and n-^^ are the number densities of rare gas 
metastable atoms and fluorine molecules, while k^ and 
k^ are the rate coefficients for metastable ionization 
and electron dissociative attachment, respectively. 
In electron-beam-sustained KrF* laser discharges, 
initial conditions are established so that the metastable 
ionization rate is well below the attachment rate, with 
the result that electron density disturbances are 
damped {i^<0). However, there are several processes 
resulting in F2 dissociation,^ including rare gas—halide 
molecule production. Therefore, as the discharge 
evolves in time Fj dissociation proceeds, becoming 

significant on a time scale less than 1 jisec, with the 
decreasing F2 concentration resulting in a reduction in 
the loss rate of electrons by way of attachment. Con- 
sequently, the electron density rises and, additionally, 
there results an increase in the concentration of rare 
gas metastables, which are produced by electron impact 
and lost primarily by reaction with Fj. The combined 
influence of these processes leads to a strong temporal 
increase in the metastable ionization rate which rapidly 
approaches, and then exceeds, the attachment rate, 
resulting in ionization instability, i.e., i^>0 [£q. (1)]. 

In addition to using the calculated onset of current 
runaway as a measure of instability, a theoretical 
criterion for the ionization instability growth (or damp- 
ing) rate was developed and evaluated as a self-consis- 
tent function of plasma properties in the discharge. 
The effect of ionization of Ar and Kr from their ground 
states was included in the formulation leading to the 
expression for the instability growth rate. For the con- 
ditions of the present experiment the contribution of 
ground-state ionization to instability growth was found 
to be about lO'/c of that due to metastable ionization. 
The dashed curve in Fig. 2 represents the E/n varia- 
tion of the computed ionization instability boundary, 
defined by the condition v = G. Examination of Fig. 2 
reveals good agreement between the computed stability 
criterion (dashed curve) and the numerical indication 
of current runaway (solid curve). For a relatively long 
discharge duration (~1 psec at low E/n), the computed 
instability onset time and the computed current run- 
away time are nearly equivalent, reflecting the very 
short time characteristic of ionization gro^^lh (<100 
nsec). However, as En is increased, the time char- 
acteristic of stable discharge duration is reduced to a 
vaiue comparable to the instability development time 
{~v'^), and a time delay develops between the onset of 
instability as defined by the condition i' = 0 and the 
observation of current density runaway. 

Both theory and experiment show that for the condi- 
tions compatible with practical electron-beam-sustained 
KrF* laser devices the occurrence of ionization in- 
stability is of a fundamental nature, reflecting the loss 
of F2 on a (isec time scale (or less), accompanied by 
rapid increases in both the metastable and electron 
densities. Since F atom recombination requires a time 
much longer than practical KrF» discharge duration 
times, elimination or circumvention of this problem 
will probably require means to control the growth of 
the concentrations of both the metastables and 
electrons. 

It is a pleasure to acknowledge helpful conversations 
with L. A. Newman, D.C. Smith, and R.H. Bullis. 
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^J.D. Daughertj-, J.A. Mangano, and J.H. Jacob, Appl. 
Phys. Lett. 28, 581 (1976). 
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stability enhancement in eiectron-beam-sustained excimer laser discharges" 
Robert T. Brown and William L Nighan 
United Technologies Research Center. East Hartford, Connecticut 06108 

(Received 9 Aprill979; accepted for publication 4 May 1979) 

1 echniques are described for prolonging the duration of stable e-beam-controlled excimer laser 
discharges, including: temporal tailoring of either the discharge voltage or the ionization source 
and kinetics modification by way of additives. Theoretical and experimental results are presented 
for KTF* laser discharges. 

PACS numbers: 42.55.Hg, 52.35.Py, 52.80. - s 

For practical high-power excimer laser systems, it is 
desirable to utilize electron-beam-sustained discharge exci- 
tation rather than electron-beam excitation alone, since for a 
given laser output power the burden on the electron-beam 
technology is significantly lower. One of the major obstacles 
to implementing the e-beam-sustained discharge technique 
is the onset of ionization instability.'"' In this paper a number 
of techniques for improving excimer laser discharge stability 
are outlined and theoretical and experimental results are 
presented for an electron-beam sustained KrF* laser 
discharge. 

It has been shown^' that the major factor contributing 
to instability in electron-beam-controlled KrF* laser dis- 
charges is dissociation of the molecular halogen, Fj, during 
the discharge pulse. This can be readily appreciated upon 
examination of the following approximate expression'"' for 

••Supponed in part by the Naval Ocean Systems Center and by the Office of 
Naval Research. 

the instabiUty growth rate v, i.e., 

vc^2n*k'-nrk,, (1) 

where n* and «p^ are the number densities of rare-gas meta- 
stable atoms and fluorine molecules, respectively, while k * 
and kg are the rate coefficients for metastable ionization and 
electron dissociative attachment, respectively. For condi- 
tions typical of KrF* laser mixtures,' the electron conserva- 
tion equation is well approximated by the relation 

n5~«, «F^ k^ , (2) 
and the metastable conservation equation can be approxi- 
mated by 

n,nk„{E/n)c^n*nj.^kQ, (3) 

where n is the density of ground-state rare-gas atoms, Sis the 
ionization rate due to the electron beam, /t„ (E/n) is the 
metastable production rate coefficient (exhibiting a very 
strong £/« dependence'), and kQ is the rate coefficient for 
the loss of metastables due to Fj quenching. Combination of 
Eqs. (l)-<3) yields the following criterion for discharge sta- 
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bility(i.e., v<0): 

<1 (4) 

For the parameter values required for efficient rare-gas-ha- 
lide laser operation, it has been shown' that the left-hand side 
of this inequality is usually in the 0.1-0.5 range, indicative of 
a marginally stable situation. 

In most e-beam-controlled KrF* lasers the discharge 
E /n value is typically maintained at a relatively constant 
level throughout the pulse, while the e-beam source function 
S tends to increase due to the space-charge-limited mode of 
operation of cold-cathode e-beam guns. This tendency re- 
sults in an increase in the numerator on the left-hand side of 
inequality (4), i.e., reduced stability. More importantly, the 
form of Eq. (4) indicates that the onset of instability (v>0) is 
exceptionally sensitive to the dissociative loss of F^. Since 
Fj dissociation is primarily a consequence of rare-gas-ha- 
lide formation itself,' invariably a point in time is reached for 
which electron density disturbances are amplified, i.e., in- 
equality (4) is violated and the discharge becomes unstable. 
At the high values of £ /n (i.e., higher values of it„) required 
for effective discharge energy enhancement and high dis- 
charge power density, the unstable point is reached earlier in 
the pulse.^' 

The form of the stability criterion [Eq. (4)] discussed 
above suggests several techniques for increasing the stable 
duration of the discharge pulse while maintaining laser 
properties near their optimum values. These include: (1) 
temporal tailoring of either the discharge voltage (£ /n), i.e., 
controlled temporal reduction of A:,.^, or of the e-beam ion- 
ization source function 5 in order to compensate for F, loss; 
(2) modification of the halogen kinetics in such a way that 
loss of Fj has a less severe effect oi; the occurrence of 
instability. 

The stabilizing influence of judicious temporal reduc- 
tion in either 5 or /:„ (i.e., £/n) in order to compensate for 
the changes in plasma properties caused by the dissociative 
loss of F2 is conceptually straightforward. The potential role 
of halogen kinetics modification is best understood by ob- 
serving that in conventional KrF* mixtures reactions in- 
volving F2 control both the electron density [Eq. (2)] and the 
metastable density [Eq. (3)], a circumstance leading to the 
cubic dependence on Fj concentration exhibited by inequal- 
ity (4). This situation can be favorably altered by use of a 
two-component halogen mixture in which one species tends 
to dominate electron loss, while the other (the halogen fuel) 
dominates metastable processes and therefore excimer for- 
mation. Such is the case in certain Fj -NF3 mixtures, for 
example. The rate coefficient for electron dissociative at- 
tachment in NF3 is approximately four times larger than 
that of F2, while the NF3 -rare-gas metastable atom quench- 
ing coefficient is about six times smaller than that of F2. 
Thus, addition of a relatively small amount of NF, 
(NF3 /F2 <0.1) to the conventional KrF* laser mixture will 
significantly affect the electron density but should exert little 
or no influence on other processes. Enhanced stability 
should result as a consequence of the weakened coupling 
between the electron and metastable concentrations. Indeed, 

FIG. 1. Computed current density profiles for an e-beam-controlled 
Ar(0.95)-Kr(0.05)-Fj (0.005) mixture at 1 atm. For each of these examples 
the (n/r/a/f/n value was 1.4x 10 " ""V cm ^ and the e-beam ionizatior rate 
5wasl50-l- 7.5xlO'rsec " '.(a)£'/«constant;(b)£/ntailoredaccordmg 
to the relation 1.4x10 " '"-0.35x10 - '"/V cm-;(c)£'/n constant with 
0.05% NF, added. 

with NFj controlling the electron loss and F2 the metastable 
loss, it is easily shown that the criterion for stability becomes 

ln'k]Sk^J,E/n) 
<1. (5) 

«F,^C(«NF, ^^' 

Since dissociative NF, -metastable reactions will proceed at 
a much slower rate than the corresponding F2 reactions, the 
impact of dissocation on electron density growth (plasma 
stability) should be lessened substantially as indicated by the 
linear dependence of Eq. (5) on F^ concentration. Further- 
more, use of XF3 an acceptable fluorine donor itself, does 
not introduce processes unfavorable to the efficient forma- 
tion of KrF*. 

Detailed numerical evaluation of the stability enhance- 
ment techniques described above has been carried out usmg 
a comprehensive computer model of an e-beam-controlled 
KrF* laser discharge.' Representative results are presented 
in Fig. 1, which shows the characteristic temporal runaway 
of the discharge current density indicative of ionization in- 
stability onset [curve (a)].' For curve (a), E/n was main- 
tained at a constant value of 1.4 X 10 ~ '* V cm', a condition 
for which instability onset occurs approximately 0.3 //sec 
after discharge initiation. Curve (b) illustrates the effect of a 
controlled linear reduction in £/« from an initial value of 
1.4x10 " ""V cm ^ to a value of approximately 1.0X10 " "• 
V cm ^ after 1.0/zsec. The predicted improvement in stabil- 
ity as reflected by the temporal variation in discharge cur- 
rent density is dramatic indeed, with the region of stable 
discharge behavior increasing to about 0.8 //sec, and the to- 
tal energy deposited in the gas prior to the occurrence of 
instability increasing by almost a factor of 3. Moreover, the 
medium properties are sensibly uniform in time, having val- 
ues compatible with efficient high-power laser operation," 
e.g., KrF* production efficiency, 20%, zero-field gain, 2.5% 
cm " '; gain : absorption ratio, 10; electric power density, 
110 kW cm " ^; and time-integrated discharge energy en- 
hancement, 5. Curve (c) illustrates the effect of NF, addi- 
tion for an NF3 -F2 concentration ratio of 0.1. The initially 
lower current density level reflects the increased attachment 
loss of electrons due the presence of NF3. However, the im- 
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DISCHARGE VOLTAGE DISCHARGE CUSRgNT      KrF* FLUORESCENCE 

E/n. 1.4« lO-'S Vcm^ 

J-18A/m' 

OtSCHARGE VOLTAGE DISCHARGE CURRENT       KrF'FLUORESCENCE 

EM- 1.8 « 10-"Vcm2 

J - 28 A/cm2 

(a) 

E/ti- 1.4 « 10-16 Von^ 
J • 18 A/cm' 

(b) 

J • 12 A/cm' 

I l_J I I      I       I      I 
200 nsec/div 

l_l I l_l 1_J I I 
200 nsec/div 
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200 nsec /div 

FIG. 2. Measured discharge characteristics for the mixture and e-beam 
ionizationrateofFig. 1. (a) £/« constant at 1.4x 10 * ""V cm ^; (b) capaci- 
tance of driving circuit reduced resuhing in temporal reduction in £/n 
similar to that of curve (b) in Fig. 1; £ /n constant at 1.4x10 ~ '" V cm ' 
with 0.05% NF, added. 

provement in discharge stability as measured by the tempo- 
ral evolution of the current density is again readily apparent, 
with the computed energy deposited in the gas approximate- 
ly twice as large as in the absence of NF, [curve (a)]. In 
addition, average medium properties are comparable to 
those of curve (b). Numerous calculations carried out on the 
basis of a tailored e-beam ionization source, as well as a vari- 
ety of combinations of the techniques outlined above, pro- 
duced results generally similar to those of Fig. 1. 

The stability enhancement techniques described above 
were investigated experimentally using an e-beam-con- 
troUed discharge- having an active volume 1.5 X 2.0 X 50 cm. 
Presented in Fig. 2 are discharge current density, voltage, 
and KrF* fluorescence traces for an Ar(0.95)-Kr(0.05)- 
F2 (0.005) mixture at 1 atm. The data of Fig. 2(a) correspond 
to a constant E /n value of 1.4 X 10 ~ " V cm ^ and exhibit 
the onset of instability approximately 0.3 //sec after dis- 
charge initiation, as indicated by the characteristic sharp rise 
in current density accompanied by a decrease in both voltage 
and KrF* fluorescence. The efl^ect of discharge voltage tai- 
loring was evaluated by changing the discharge driving ca- 
pacitance from 0.9 to 0.5 //F, which resulted in a nearly lin- 
ear decrease in £/« from an initial value of 1.4 X 10 ~ '* 
V cm ^ in a manner similar to that corresponding to curve (b) 
in Fig. 1. Figure 2(b) shows that, according to predictions, 
the onset of instability was delayed until about the 0.5-//sec 
point. The influence of NF, addition with constant E /n is 
represented by the data of Fig. 2(c). The observed reduction 
in the initial current density level and the increase in stable 
discharge duration to about 0.7 /xsec are also found to be in 
good agreement with analytical predictions. 

Figure 3(a) shows that an increase in the constant E /n 

I 1 I 1 ] ] L. 

250 nsec/div 

E/n- 1.9 « 10-"Vcm' 

I I I I I I I I 

250 nsec /div 
I   I  I  I   I   I  I   I 

250 nsec /div 

(b) 

200 nsec/div 
i 1 I I 1 1 L_ 

.200 nsec/div 
' ' ' 
200 nsec/div 

FIG. 3. Measured discharge characteristics for the mixture and e-beam 
ionization rate of Figs. 1 and 2. (a) £/n constant at 1.8 X 10 ~"Vcm';(b) 
temporal reduction in £■/« from an initial value of 1.9 X 10 ~ "'V cm'with 
0.025% NF, added. 

level to 1.8 X 10 - '* V cm ^ for the indicated Ar/Kr/F^ 
mixture resulted in instability onset in a time less than 0.1 
/isec. However, upon introduction of 0.025% NF3 
(NF3 /F2 = 0.05) and by reduction of the discharge driving 
capacitance from 10.0 to 0.25 /iF in order to produce a tem- 
poral decrease in £/«, the stable pulse duration was in- 
creased to about 0.35//sec. For these conditions the dis- 
charge power density was 117 kW cm ~ ^ and the e-beam 
power deposition density was 16 kW cm "" ■^ (corresponding 
to an e-beam current density of 2.0 A cm " ^). Thus, the 
discharge energy enhancement factor was about 7. Code cal- 
culations for these conditions indicate a zero-field gain of 
3.4% cm ~ ', volumetric absorption di^i.l'Vc cm ~ ', and 
KrF* formation efficiency of 25%, values compatible with 
efficient high-power laser operation." 

The stability enhancement techniques described herein 
are relatively simple to implement and off"er the promise of 
efficient scalable rare-gas-halide and metal-hahde lasers at 
significantly reduced e-beam current density levels, thereby 
facilitating operation at high average power. At the present 
time a more complete reporting of this research is in prepara- 
tion and work with other excimer lasers is underway. 

The authors wish to thank R. Preisach for his excellent 
technical assistance with the experimental portion of the 
work. 
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Influence of electron-Fj collisions in rare gas-halide laser 
discharges'^ 

William L. Nighan 

United Technologies Research Center, East Hartford, Connecticut 06108 
(Received 23 September 1977; accepted for publication 20 December 1977) 

The influence of Fj vibrational excitation and direct dissociation by electron impact is examined for 
conditions typical of electron-beam-sustained KrF* lasers. For values of Fj fractional concentration greater 
than about 0.003 the results of this analysis indicate that the dissociation process e-l-Fj—•2F-(-e may 
significantly affect electron-metastable atom production efficiency, rare gas-halide excimer production 

efficiency, and gain. 

PACS numbers: 42.55.Hq, 52.20.Fs, 52.20.Hv 

Rare gas-halide laser mixtures generally contain 
fractional concentrations of the halogen bearing mole- 
cule in the 0.1—1. 0% range. Although there exists al- 
most no electron scattering data for such molecules, 
there is every reason to suppose that the presence of 
several tenths of a percent F2, for example, will have 
an effect on electron kinetics other than by way of the 
well-known dissociative attachment process. This 
paper analyzes available data relevant to electron-Fj 
scattering and examines the potential importance of such 
collision processes for conditions typical of discharge- 
pimiped KrF* lasers. 

To date the effect of electron-halogen molecule in- 
elastic collisions has not been considered in analyses 
of rare gas-halide lasers. This is a reflection of the 
lack of required cross-section data. However, recent 

^'Portions of this work were supported by the Office of Naval 
Research. 

theoretical analysis' has shown that vibrational excita- 
tion of F2 by electrons can proceed by way of a reso- 
nance mechanism involving the same F2 state which 
participates in the low-energy dissociative attachment 
process. The computed energy weighted cross section 
for vibrational excitation was found to be in excess of 
10"" cm^ in the electron energy range of a few electron 
volts. In addition, measurements^ of F atom production 
in an electron-beam-sustained F2 discharge have shown 
evidence of enhanced Fj dissociation as E/n was in- 
creased for average electron energies estimated to be 
about 1 eV, a value high enough' so that dissociative 
attachment should be a decreasing function of E/n. 
While there are several processes^ which may con- 
tribute to F2 dissociation for the experimental condi- 
tions of Ref. 2, direct electron impact dissociation is 
by far the most likely. Indeed, there are several F2 
states which may lie above the repulsive F2('7r„) state in 
the vicinity of the Fj ground-state equilibrium separa- 
tion, so that resonant enhancement of the process 
e + F2— 2F + e is a distinct possibility. 
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In order to obtain an estimate for the electron-F2 
dissociation cross section based on the observations of 
Ref. t, electron energy distributions were computed 
for Fj using the vibrational cross sections of Ref. 1 
along with a constant momentum transfer cross section 
having a value of 10''* cm^. The electron-F; dissocia- 
tion cross section was assumed to have an apparent 
threshold of 3. 35 eV corresponding to the vertical 
transition energy from the F2 ground state to the FjCnJ 
state, the lowest electronic state of F2.  The magnitude 
and shape of this cross section were then varied in a 
trial and error fashion. In the experiments of Ref. 2 
the production of F atoms was first observed to in- 
crease over that due to the electron beam alone for an 
E/ti value of approximately 2x10''^ Vcm'. As E/n was 
increased to about 6x10''* Vcm^, F atom production 
was enhanced by almost a factor of 2. By using a trial 
dissociation cross section having a peak value of ap- 
proximately 10'" cm^ at an electron energy of 5 eV, 
in the present work it was found that the magnitude of 
the calculated rate of F, dissociation (F atom produc- 
tion) by the direct process was a few percent of that due 
to dissociative attachment for an E/71 of 2x10"'^ Vcm'. 
Further, the dissociation rate approximately equaled 
the dissociative attachment rate for E/71 values in the 
5x10"" to 6xiO'"-Vcm' range, results consistent with 
the experimental observations.^ These findings were 
not particularly sensitive to the shape of the trial cross 
section used in the analysis. The direct electron-F2 
dissociation rate estimated in this manner is consistent 
with the limited experimental data available' and pro- 
vides a reasonable basis for an evaluation (albeit pro- 
visional) of the potential significance of electron impact 
excitation of F2 to repulsive states. 

Using this F2 dissociation cross section and the cross 
sections of Ref. 1 the electron fractional power transfer 

FIG. 1. Contributions to electron fractional power transfer in 
an Ar-Kr-Fo mixture in which the Ar and Kr fractional con- 
centrations were 0.95 and 0.05, respectively. The calculation 
was carried out for an E-ii value l.OxlO"'- Vcm", a fractional 
metastable concentration of 10" , and a fractional ionization of 
10-^. 

FIG. 2. Small-signal gain and KrF* production efficiency in an 
electron-beam-sustained discharge as a function of F2 fraction. 
The computation was made for an atmospheric-pressure 
Ar-Kr (0.95—0. 05) mixture and an E/rt value of 1.0 xlQ-'^ 
Vcm", These results refer to conditions 100 nsec after dis- 
charge initiation. 

was computed for conditions typical of electric-dis- 
charge-pumped KrF* lasers.' The results of this cal- 
culation are presented in Fig, 1 as a function of F2 
fractional concentration.  For values of A'p   below about 
0, 002 electron energy loss due to dissociation is found 
to be relatively unimportant. However, for higher F2 
concentrations the electron energy loss accompanying 
dissociation can become very significant, exceeding 
109( of the total discharge power.  For the conditions 
of Fig. 1 the rate coefficient for direct dissociation 
has a value of approximately 10'' sec'' cm' and exhibits 
a weak dependence on E/n. Since the production of 
rare gas metastable states is a strong positive function 
of E/n, the fractional power transfer associated with 
the direct dissociation process decreases relative to 
rare gas metastable production for E/n values higher 
than l.OxlO"'* Vcm' and increases for lower values. 

Although the cross sections for F, vibrational excita- 
tion are relatively large,' Fig. 1 shows that the elec- 
tron energy loss due to vibrational excitation is not 
likely to be important since the energy loss per colli- 
sion is small (~0.1 eV). However, Hall's results' 
indicate that dissociative attachment increases signifi- 
cantly with F2 vibrational level. In long-pulse' KrF* 
laser discharges the fraction of vibrationally excited 
F2 will be substantial (>109c). Thus, the degree of F2 
vibrational excitation may affect the electron loss due 
to attachment, thereby influencing both the quasisteady 
and stability characteristics of rare gas—halide 
discharges. 

In order to evaluate the influence of the electron-F2 
collision processes discussed above, electron distribu- 
tion functions and all related Ar and Kr rate coeffi- 
cients were computed as a function of F2 fractional con- 
centration   The effects of electron-electron, electron- 
ion, and electron-metastable collisions were taken into 
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account in the calculation. The data so obtained were 
then used as input information in a time-dependent 
KrF* kinetics model of an electron-beam-sustained 
discharge,^ following procedures generally similar to 
those described elsewhere/-' Figure 2 shows the 
computed variation of gain and KrF* production effi- 
ciency with Fj fraction. The results presented refer to 
conditions 100 nsec after discharge initiation. In the 
present analysis the KrF* production efficiency is 
defined by the relation 7j = (KrF* production)/2r/([Ar}S£«j 
+ JE), where all the processes contributing to the 
volumetric rate of KrF* production are included in the 
numerator.^ Also, S^ is the rate of electron-ion pair 
production by the electron beam, ;<, is the energy re- 
quired to produce an electron-ion pair, JE is the dis- 
charge power density, and hi> is the photon energy of 
the KrF* laser transition. Thus, on this basis T; repre- 
sents the maximum fraction of the total power poten- 
tially recoverable from the reaction, KrF* +;!i^ —Kr + F 
+ 2hp. 

Interpretation of the specific nature of changes ac- 
companying variation in F2 concentration can be very 
difficult for the circumstances typical of most experi- 
ments since the halogen molecules influence numerous 
plasma processes. Therefore, in order to assist in 
interpretation, in the present calculation the e-beam 
ionization rate, S^, was varied from 50 to 500 sec"^ 
as the F2 fraction was increased from 0.001 to 0.01. 
Thus, the electron density remains approximately con- 
stant at 10'^ cm"^ for the conditions of Fig. 2. In addi- 
tion, the total power density is sensibly constant, in- 
creasing from about 60 kWcm'' to 90 kWcm"' over the 
Xf   range covered.' These conditions are representa- 
tive of recent experiments' with electron-beam-sus- 
tained rare gas—halide lasers. 

As the F2 fraction is increased above 0. 001, Fig. 2 
indicates that both the gain and KrF* production effi- 
ciency increase significantly. This reflects the im- 
proved efficiency of ArF* formation from the rare gas 
metastable states as compared to other metastable loss 
processes. However, as Xy   is increased above about 
0.005, electron energy loss due to F2 dissociation be- 
comes increasingly more significant.  The resultant 
cooling of the electrons leads to a 35'^ decrease in the 
Ar and Kr metastable production rates for the condi- 
tions of this example as Xy   is increased from 0.001 to 
0.01. The combined effect of these related processes 
is a reduction in the KrF* production efficiency.^ Ad- 
ditionally, F2 quenching of KrF* exerts an important 
deleterious influence on the gain at the higher F; 
levels.' Results qualitatively similar to those of Fig. 2 
were obtained at lower and higher E/71 values, although 
calculations show that the plasma is unstable for E/71 
values above about 1.2xlO''^ Vcm' when the F2 frac- 
tional concentration is below about 0. 002. 

Although the dominant collision processes generally 
become quasisteady in times much less than 100 nsec 
for conditions typical of those represented by the re- 
sults of Fig. 2, the temporal changes in plasma pro- 
cesses resulting from F, dissociation can become very 
significant. The consequences of F, dissociation be- 
come particularly important for long-pulse discharges 
(~1 Msec) and/or high-power loading (>100 kWcm''). 

NO e-F2 COLLISIONS 

i.e    E 

* 
2 

1.6  3 

02 0.5 

TIME tusec) 

FIG. 3. Temporal variation of KrF* production efficiency and 
gain for an Fj fraction of 0.005 and the conditions of Fig. 2. 
Also shown (dashed curves) are the results of the same calcu- 
lation neglecting all electron-Fj collisions except attachment. 

Presented in Fig. 3 are the temporal variations of -q 
and ^0 computed for an Xy  value of 0.005, i. e. , near- 
optimum conditions in Fig. 2.  For purposes of compari- 
son, also shown are rj and ^^ computed neglecting the 
effects of all electron-Fj collisions except attachment. 
Clearly, steady-state conditions are attained in a time 
less than 100 nsec. However, for times greater than 
about 0. 2 to 0. 3 Msec significant changes in both gf, and 
Tj resulting from Fj dissociation become apparent. The 
decrease in KrF* production efficiency is a sequence 
of the increase in electron density accompanying the 
decrease in F2 concentration. As the electron density 
increases, electron excitation of rare gas metastables 
to higher excited states begins to compete with the 
desired F, reaction leading to the formation of ArF* 
and KrF*. For this reason the energy utilization effi- 
ciency associated with conversion of metastable atoms 
to rare gas—halide excimers decreases. Note, however, 
that because of increasing electron excitation, the 
absolute densities of metastable and rare gas—halide 
states continue to increase as is reflected by the in- 
creasing gain. As the data of Fig. 3 indicate, this se- 
quence of events results in rapidly changing ^0 and rj 
for long discharge duration. At the 1-fisec time the F2 
is SS^c dissociated for the conditions of this example. 

Comparison of the dashed and solid curves in Fig. 3 
shows that direct electron impact dissociation of F, 
may result in significant changes in the magnitude and 
rate of change of both gain and KrF* production effi- 
ciency. However, it is clear that the general trends 
exhibited by the data in Fig. 3 are not dependent on the 
inclusion of electron-F, collisions. Indeed, at the 
l-(isec time only about one-third of the F2 dissociation 
results from direct electron impact for the conditions 
of this example, with ArF* formation, attachment, and 
F2 quenching processes accounting for the other two- 
thirds. 

The results and discussion of this paper focus atten- 
tion on the role of the halogen-bearing molecule as 
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regards electron and metastable kinetic processes in 
rare gas—halide lasers. Conditions typical of electron- 
beam-sustained laser discharges'' were examined in 
detail. The influence of Fj in KrF* lasers was given 
particular attention because of the availability (albeit 
limited) of theoretical and experimental data for this 
molecule. On the basis of this analysis it is reasonable 
to conclude that electron-halogen processes other than 
attachment are likely to be important, particularly Fj 
electronic excitation leading to dissociation. This find- 
ing will most probably have general significance for all 
rare gas—halide and mercury-halide lasers containing 
Fj or other halogenated molecules at fractional concen- 
tration levels greater than a few tenths of a percent. 
Clearly, additional electron scattering data for halo- 
genated molecules would be of considerable value in the 
modeling and evaluation of rare gas—halide laser 
properties. 
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Dissociative attachment and vibrational excitation of F2 by 
slow electrons^) 

R. J. Hall 

United Techonologies Research Center. East Hartford, Connecticut 06108 
(Received 2 September 1977) 

Self-consistent dissociative attachment and vibrational excitation cross sections for Fj have been calculated 
using Herzenberg's theory of resonant electron scattering. It has been found that the observed 
electron-Fj attachment data can be explained by a low energy shape resonance. Potential parameters for 
the '2* negative ion were varied in order to fit predicted attachment cross sections to measured rate 
constant data. The best fit was obtained for a negative ion curve which crosses the Fj ground state in the 
vicmity of the equilibrium intemuclear separation, in good agreement with an ab initio calculation for this 
state. The associated total vibrational cross section has a peak of about 2.0x10"" cm' at an incident 
electron energy of 0.45 eV. A strong dependence of attachment rate on F, vibrational state is predicted. 

I.   INTRODUCTION 

Molecular fluorine is an important constituent in sev- 
eral electrically-excited gas lasers.''^  However, aside 
from dissociative attachment, ^^ little is known about 
low energy electron impact with fluorine.   Ttiere is rea- 
son to expect that the presence of Fj in a gas mixture 
will have some effect on electron energy' transfer other 
than dissociative attachment.   Inelastic processes such 
as Fj vibrational excitation, direct dissociation, or elec- 
tronic excitation could have important consequences for 
electrically-excited lasers employing Fj.    The vibra- 
tional excitation cross section in particular is amenable 
to analysis, because it and the dissociative attachment 
cross section can be calculated simultaneously from 
resonance scattering theory.'"^"  A resonance calcula- 
tion whose validity has been established by comparison 
with attachment data will yield additional information 
about the unknown vibrational excitation cross section. 

Ab initio calculations" for the ^Z^Fl ion indicate that 
the potential energy curve for this state crosses the 
ground state near the latter's equilibrium intemuclear 
separation.   A shape resonance in low energy electron- 
Fj scattering is likely because the lowest vacant anti- 
bonding orbital in F^ia^Zp) possesses nonzero orbital 
angular momentum.   A spherical harmonic expansion 
of this orbital has only odd components ip, f, • ■ ■ elec- 
trons), and thus a centrifugal barrier, the necessary 
condition for the existence of a shape resonance, will 
exist. 

In low energy electron-Fj scattering, the resonance 
nuclear wavefunction will consist solely of an outgoing 
wave because there is no turning point at larger inter- 
nuclear distance to give rise to a reflected wave.   Thus, 
no interference between outgoing and reflected waves 
can occur, as in the "boomerang" model,' and there will 
consequently be no structure in the Fj vibrational cross 
sections as a function of electron energy.   This analysis 
is limited to consideration of a single resonance, FjC^S*). 
At higher electron energies, there is the possibility of 
contributions from excited states of FJ.'^  However, un- 
til attachment measurements at higher energy provide 

evidence that these states are important, it is not ad- 
vantageous to include them in the calculation. 

The details of the resonance scattering theory are 
presented elsewhere'-' with emphasis directed towards 
Nj and NjO.   Thus, only the highlights of the model and 
those aspects relevant to Fj are discussed here.   The 
fitting of the theory to attachment data is first carried 
through in a local potential approximation in which the 
decay of the resonance is assumed to be proportional to 
the resonance nuclear wavefunction.    Because this ap- 
proximation may be doubtful at thermal energies, the 
low incident energy regime is re-examined in a nonlocal 
formulation. 

II.   RESONANT SCATTERING THEORY 

Formally, a nuclear-wave equation is solved in terms 
of a complex potential for the compound state, F^(^2*). 
Because little is known about the real and imaginary 
parts of the compound state potential, these are treated 
as adjustable parameters.   Adjustments are made to the 
potential parameters in a trial-and-error fashion until 
the predicted attachment cross sections reproduce ex- 
perimental rate constants for this process.   This pro- 
cess can be expected to give credible results only if the 
"best fit" potential parameters are physically realistic. 

Calculations for Fj differ mathematically from those 
for Nj' in several relatively minor respects.   Because 
the assumed Fj resonance is pa, the barrier penetration 
factor required for the calculation of the resonance width 
should be the expression appropriate to a /> wave, and 
the vibrational excitation cross section is divided by a 
factor of 2 because the compound state is nondegenerate 
[see Eqs. (8) and (12) in Ref. 7].   The boundary condi- 
tion at infinite intemuclear separation is changed from 
bound state to outgoing wave. 

The nuclear wave equation is based upon the adiabatic 
and local potential approximations.   Exchange and spin 
dependent forces are neglected, leading to 

\  2M 
mR)-E, |? = r (R)Xo(R), (1) 

'"This work was supported by the Office of Naval Research un- 
der Contract NO0014-76-C-0847. 

where - n^/2M x si^/dR^ is the kinetic energy operator 
for the nuclei; W(R) is the electronic energy of the com- 
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FIG. 1.   Fit of resonance scattering theory to experimental at- 
tachment data.   Solid curve represents rate constant calculated 
on basis of Maxwellian electron energj- distribution.   Dashed 
curve represents use of non-Maxwellian distribution function 
calculated for N2-rich mixture.   Theoretical attachment cross 
section from which these rate constants are derived is given 
in Fig. 2.   Experimental data;    o—Ref. 3;  i—Ref. 4. 

pound state; E is the total energy- (including the zero- 
7)oint energy); | is the wavefunction Df the nuclei; £'{R) 
is an entry amplitude for the incident electron; and Xo(-R) 
is the vibrational wavefunction of the target.   The com- 
pound state energy is represented by 

W{R) = E-iR)-^ir{R) (2) 

where TiR) is the autoionization rate multiplied by K. 
T is assumed to vary with R in accordance with the pene- 
trability of a ^-wave centrifugal barrier" 

2r(k{R)p)' 
TiR) 'i^{HR)pr 

where k{R) is the wavenumber of the emitted electron, p 
is the "radius" of the Fj ion, and y is the reduced width. 
The expression for the entry amplitude S' is as given in 
Ref. 7[Eq. (14)] 

The dissociative attachment cross section is given by 
the expression, '* 

' n l/i 
2 

0'     R 
lim \^{R,E)\\ (3) 

where V^, and V^ are the nuclear dissociation and inci- 
dent electron velocities, respectively; g^ is a spin de- 
generacy factor (unity); and I/QI^ is the squared am- 
plitude of the incident wave (ST:')''.   Cross sections for 
the vibrational excitation processes, 

e" + F2(f = 0)-e- + F2(r) 

are calculated from the overlap integral, 

K 647rV^ 
lldRxtUl (4) 

where F„ is the velocity of the scattered electron, fi is 
the electron mass, X« is the excited vibrational state 
wavefunction, and t is an exit amplitude for the electron 
which is set equal to S'.' 

The boundary conditions applied to Eq. (1) are 

i(Q,E) = 0 

lim 
dR-''^' 

0 (5) 

where 

K '-^,Um{E-E-{R)). 

The two-point boundary value problem (1) and (5) was 
solved by a conventional centered difference method, 
with numerical accuracy monitored by evaluating both 
sides of the equation 

M 
lim k 

+ Jr{R)\^\^dR=-2lmJ i*S'xodR (6) 

which results from multiplying (1) by f*, subtracting 
the complex conjugate, and integrating. 

III.   CALCULATED RESULTS 

The Fj ground state potential energy curve was repre- 
sented by a Morse potential with parameters taken from 
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FIG. 2.   Best fit attachment cross section as a function of in- 
cident electron energy. 
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FIG. 3.   Real part of best fit compound state potential; ground 
state represented by Morse potential. 

Ref.  15.   Morse vibrational wavefunctions were also 
employed.   The real part of the compound state energ>- 
was represented by a Taylor series for energies greater 
than an asymptotic limit deduced from the Fj electron 
affinity and ground state well depth. '^ 

A.   Dissociative attachment 

The predicted attachment cross sections were found 
to be quite sensitive to the internuclear distance, R^, 
at which the compound state potential crosses that of 
the ground state (equilibrium separation R^).   For R^ 
2:i?o it was found that the predicted attachment rates, 
when compared with the data of Refs. 3 and 4, were 
either too large or had peaks too far displaced from 
zero electron energy.   The best fit, obtained for R, <R^, 
is shown in Fig.  1.   A non-Maxwellian rate constant cal- 
culation has been made because electron distribution 
function effects are important in one of the experiments. 
The data of Chen and co-workers^ were obtained in Nj 
buffer gas with F2 mole fractions on the order of 10'^; 
departures from Maxwellian due to excitation of the Nj 
vibrational mode become important at electron energies 
around 1 eV.   The results of making a non-Maxwellian 
electron energy distribution attachment rate calculation 
is shown as the dashed line in Fig.  1.'""   It is apparent 
that better agreement with the higher energy experimen- 
tal data is obtained using this distribution function.    The 
fit exhibited in Fig.  1 is judged to be as good as is war- 
ranted by the scatter in the available experimental rate 
data. 

The predicted attachment cross section (Fig. 2) has 

a value of 0. 7 x 10'^^ cm^ at an incident energy of 0.01 eV 

and falls rapidly with increasing energy.   A bump at 
0. 2 eV appears to be a consequence of the approach to 
zero of the incident electron velocity and the entry am- 
plitude,  £'. 

TTie real and imaginary parts of the negative ion po- 
tential which give this fit are shown in Figs. 3 and 4, 
respectively.   As shown in Fig, 3, the best fit negative 
ion and ground state curves cross about 0.1 a.u. from 
Rg.   This result is consistent with the ab initio calcula- 
tion of Ref. 11 in which a crossing at about 2.6 a.u. is 
predicted.   The inferred T(R) in Fig. 4 also is quite 
reasonable for a low energy shape resonance.   Averag- 
ing r with the nuclear wavefunction over the range Q<R 
^R, yield values in the range 0.3-0.4 eV.   The fact that 
this width is larger than that for the low energy reso- 
nance in Oj is expected, because this is ap-v/ave reso- 
nance, while that in O2 is rf-wave. "   Because cf the 
scatter in the attachment data, these potential param- 
eters must be tentative.   More extensive measurements, 
particularly at the higher electron energies, are needed. 

If the compound state potential given in Figs. 3 and 4 
is correct, the dissociative attachment cross section is 
likely to have a strong dependence on the vibrational 
quantum state of the target Fj molecule.   Reolacing the 
t' =0 wavefunction on the right hand side of Eq. (1) with 
an excited state target wavefunction and modifying the 
collision energy make it possible to calculate the ?■-de- 
pendence of the attachment rate.   The results of such 
calculations are presented in Fig.  5, which shows the 
rates for v = 0, 1, and 2.   The predicted r dependence is 
very strong, with the peak attachment rate increasing by 
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c 
k 

 \ r 
<r> = 0.3-0.4eV 

•) - 1,15 eV 

p = 3x10-8 cm 

-0.3 -0.2 -0,1 0 

FIG. 4.   Imaginary part of best fit compound state potential 
(the autoionization rate multiplied by /i).   F varies with R in 
accordance with penetrability of ^-wave barrier.   Averaging 
F over the resonance wavefunction yields values of 0.5- 
0.4 eV. 
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FIG. 5.   Predicted dependence of attachment rate on \'ibrational 
quantum number of target F2.   Rate constant calculated for 
Maxwellian electron energy distribution. 

that reflects the scatter in the experimental data pre- 
sented in Fig. 1.   The sensitivity of the predicted vi- 
brational excitation cross sections is substantially great- 
er; the cross-section peak at low incident energy is ap- 
proximately proportional to T, with a r^ dependence at 
high energy.   For an attachment cross section as large 
as that reported in Ref. 5, it is estimated that the pre- ■ 
dieted peak vibrational cross section would be 0(10''* 
cm^). 

The resonant cross sections shown in Fig. 6 are much 
larger than those calculated on the basis of direct scat- 
tering.    Depending on the value assumed for the unknown 
quadrupole moment derivative, a Born approximation/ 
quadrupole calculation gives a peak cross section of 
10"^°- 10"" cm^ for the 0-1 transition.   Raman scatter- 
ing data" yields a value of 0.21 a.u. for the matrix 
element of the derived polarizability tensor.   Using this 
value in a polarization potential calculation^' gives a 
peak cross section of 10""- 10'" cm^, depending on the 
cutoff parameter. 

C.   Non-local F correction 

The predictions might be improved at thermal ener- 
gies by employing a nonlocal T formulation.^" In reality, 
the term T{R) £,(R) in Eq. (1) should be a sum of terms 
representing negative ion decay to different vibrational 
states. This effect is accounted for approximately^"'^' 
by replacing the term r{R)^(R) in (1) by: 

about a factor of 5 from r = 0 to r = 2.    This prediction 
is quite sensitive to the value of R,; as R^ approaches 
RQ, the vibrational enhancement is reduced.    For R^ 
= fio> survival factor is a more important consideration 
than capture, and the predicted rates decrease with in- 
creasing V.    However, at this point a good fit to the f = 0 
data could not be obtained. 

B.   Vibrational excitation 

Vibrational excitation cross sections have been evalu- 
ated for the best fit attachment case for the process e" 
t FjlO)- e' + ¥2(1).    Figure 6 shows the calculated cross 
sections for ?■ = 1, 4, 8, and 12, and the sum of the cross 
sections for excitation up to r = 15.   The first vibrational 
state has a peak cross section  value of about 10"'* cm^; 
at r = 15 the maximum has fallen to about 0.001 that of 
V = 1.   Significant excitation of high lying levels is pre- 
dicted because this is a "strong coupling" case'*; the 
ratio of momentum imparted to the nuclei to the initial 
r.m.s. momentum, 2<7(rf£"/rfi?)/(D, is approximately 
unity.   Here a is the vibrational amplitude of the ground 
state.   The lack of structure in these cross sections is 
due to the absence of reflected components in the nuclear 
wavefunction. 

Because of the scatter in the experimental attachment 
data, the sensitivity' of the vibrational cross sections to 
reasonable variations in predicted attachment rates has 
been examined Repeating the base case calculation with 
y = 2.3 and 0. 58 eV «r)=>0.7 and 0.17 eV, respectively) 
gives rise to a variation in predicted attachment rate 
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FIG. 6.   Predicted vibrational excitation cross sections for 
target F2 in v= 0 state.   Shown are the individual cross sections 
for excitation of !■ = !, 4, 8 and 12,  and the total vibrational 
cross section. 
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^X.(R)nE-EJdR')(,{R')^{R', E). (7) 

where the v summation extends over open channels and 

r(£-£„) = 2>' 
1 + {k^pf 

kl='^(E-E,). 

In the high energy limit the expression (7) returns to 
r{R)^R).   The governing nuclear wave equation (1) 
thus becomes an integro-differential equation.   This 
equation has been solved iteratively, starting with the 
i wave from the local T calculation, for incident ener- 
gies up to 0.3 eV.   The resulting attachment cross sec- 
tion differs little (10%-15%) from that calculated previous - 
ly.    Presumably this is due to the fact that for very low 
incident energies the decay term is not very important 
in either case.   Thus, the local T approximation appears 
to be adequate for low energy electron-Fj interactions. 

IV.   CONCLUSIONS 

Resonance scattering theory has been applied to elec- 
tron-Fj interactions to calculate self-consistent dis- 
sociative attachment and vibrational excitation cross 
sections.   The observed attachment rate data can be 
explained in terms of a low energy,', shape resonance. 
For a compound state potential that is consistent with 
nb inifio calculations, the theory gives a reasonable fit 
to attachment rate constant data over the range of aver- 
age electron energies 0.05-1.0 eV.    The associated vi- 
brational excitation cross sections for low lying Fj states 
have peaks of approximately 10"'^ cm^ at electron ener- 
gies of a few tenths eV.   A nonlocal F analysis for low 
incident energies has been found to give results not ap- 
preciably different from the local F calculation. 

The cross section predictions are particularly sen- 
sitive to the value selected for R^.   As R^-RQ, the pre- 
dicted enhancement of attachment rate by target vibra- 
tion decreases and changes to a negative dependence at 
R,=RQ.   However, the fit to the data of Refs. 3 and 4 
that is obtained by decreasing the resonance width be- 
comes unsatisfactory as R^~R(..   As negative ion poten- 
tial parameters are varied over wide ranges, peak at- 
tachment rates of slightly less than 10'° cmlsec are 
found to correlate with peak vibrational cross sections 
of about 10'^^ cm^.   Variations in the resonance width 
which reproduce the scatter in the present attachment 

data suggest that the uncertainty in the predicted vibra- 
tional cross section is about a factor of 2 at the peak, 
and a factor of 4 at higher electron energy. 

Note added in proof:   Measurements of electron at- 
tachment in Fj-He mixtures in the average energy range 
3-7 eV have recently been made by Nygaard et al .'■'■ 
When the attachment cross section of Fig. 2 is integrated 
over an electron distribution function for He, good 
agreement is obtained with this new data.^' 
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